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Mustafa Şen, Kosuke Ino, Kumi Y. Inoue, Toshiharu Arai, Taku Nishijo,
Ryota Kunikata, Atsushi Suda, Hitoshi Shiku, and Tomokazu Matsue, LSI-based
amperometric sensor for real-time monitoring of embryoid bodies, Biosensors and
Bioelectronics, 48, 12-18, March 2013.
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there when I needed them. Lastly, I would like to give a special
thank to my loving wife Emine Nurcan Şen who supported me in
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Abstract
Biosensor-related research has experienced explosive growth since the
first demonstration of biosensor concept by Prof. Leland C. Clark,
1962. Although optical detection method is the most widely used
technique in biosensing devices, it has some downsides including fluc-
tuation due to emission or quenching from non-target molecules, the
shielding effect by the turbid solution, limited signal-to-noise ratio
due to the amount of stray lights that gets into the detector channel
and the need for labeling that might have some toxic effect for the
cell interfering the results. In this regard, electrochemical detection
shows a superior performance with a high signal-to-noise ratio and is
more amenable to the miniaturization process. The electrochemical
analysis has long been used to determine some biologically important
electroactive species in situ, in vivo and in vitro and the field has
long been attracting the attention of researches all over the world
especially for the fabrication of ultra-sensitive and cheap biosensing
devices. The advancement in micro/nano fabrication technology en-
abled fabrication of mirco/nanoelectrode, which is crucial for a local
and sensitive measurement. Electrochemical based systems are being
increasingly applied in the area of bioanalysis and they are thought
to become indispensable in realizing fundamentals of biological pro-
cesses. In my dissertation, several new electrochemical platforms have
been proposed to realize electrochemical analysis of cells and 3D tis-
sues or tissue like structures. Chapter 1 describes introductory re-
marks of the present dissertation. The experimental details were de-
scribed in Chapter 2.
In Chapter 3, a new electrochemical gene analysis was proposed using
scanning electrochemical microscopy (SECM) and a microarray de-
vice that consists of a 4 × 4 array of microwells with a size of 100 ×
100 µm (diameter ×depth). The microwell array device was made of
PDMS which is considered as non-toxic material. In the chapter, se-
creted alkaline phosphatase (SEAP) from transformed HeLa cells was
electrochemically detected. The HeLa cells have a moderate amount
of endogenous alkaline phosphatase and the protein shows its opti-
mum activity at high pH which might be an obstacle for cell survival
in case of cell present measurements; therefore the detection strategy
here was proposed to overcome the negative effects of direct measure-
ment in the presence of cells such as pH toxicity and endogeneous
alkaline phosphatase (ALP) interference. Basically, the assay con-
sists of two steps: cell entrapment for the secreted protein separation
and electrochemical analysis. Briefly, SEAP transfected HeLa cells
were patterned on the microwell culture dish by using microengraving
method. After cells settled down into microwells, a special substrate
modified with anti-SEAP was used to seal the microwell array. Sub-
sequently, the device was turned upside down to let the cells drop
onto the special substrate. After the incubation under physiological
conditions, the substrate was peeled off and scanned in the presence
of 4.7 mM p-aminophenyl phosphate (PAPP) in a HEPES buffer (pH
9.5) using SECM. The upsides of the detection strategy are accuracy
and intactness because the undesired influence of endogeneous ALP
was eliminated and the transformed cells were incubated in a cul-
ture device under suitable conditions after which the electrochemical
detection was performed without the presence of the cells. We suc-
cessfully detected the expression of the SEAP from transformed HeLa
cells at the single-cell level using this assay. The system is expected
to be useful as a cell-based gene-expression assay.
In Chapter 4, a lab-on-a-chip device containing many electrochemi-
cal sensors was developed. The device was applied for detection of
SEAP from transformed single HeLa cells using the same strategy.
Basically, the lab-on-a-chip device was proposed to bypass the down-
sides of the strategy with SECM such as not being practical and long
scanning time, which somehow affected the results in an undesired
manner. Detection on the chip device is based on local redox cycling
at 256 individually addressable sensor points. Ring-disk electrodes
(generator/collector) are arranged at individual sensor points to am-
plify the signal due to redox-cycling with only 32 connector pads.
Due to the strategy and the nature of the chip, the chip was called
as local electrochemical redox-cycling electrochemical (LRC-EC) chip
device. The surface of each sensor point was modified with antibodies
for SEAP immobilization, which facilitates separation and detection
of the SEAP. Using the chip two conditions were tested; open and
closed microenvironments. In open microenvironment the microwells
were left to be open in which case the secreted proteins freely diffuse
out of the microwell. On contrary, in the closed microenvironment
the microwells were covered with a glass substrate for the purpose of
accumulating and concentrating the secreted proteins in a tight space
to have a higher signal. The two conditions had their own advan-
tages and disadvantages. Although the acquired signal was higher in
closed microenvironment, the survival ratio was found to be lower as
compared with the open microenvironment. Since the same strategy
as the one proposed in Chapter 3 was adopted for the lab-on-a-chip
device, the new system also offers the same advantages including in-
tactness and accuracy. The large number of sensor points enabled the
simultaneous analysis of a large amount of single cells using the chip.
The system is useful for gene reporter assays and for the detection of
several types of secreted proteins.
In Chapter 5, large scale integration (LSI)-based amperometric sensor
was used for electrochemical evaluation of the ALP activity of mouse
embryoid bodies (EBs) from embryonic stem (ES) cells. The Bio-LSI
chip has 400 detection points and can realize a current range from 1
pA to 100 nA. ES cells are capable of differentiating into all somatic
cell lineages of three germ layers including germ cells. When ES cells
are cultured under non-adhesive conditions, they tend to form EBs
which enables differentiation of ES cells into some cell lineages de-
pending on various factors like EB size and the medium additives.
The ALP is a frequently used undifferentiation marker for ES cells
and ES cells show a decrease in their ALP activity as they differ-
entiate. Detection of ALP activity on the chip was performed by
oxidizing the enzymatic product (p-aminophenol) of ALP at 400 sen-
sor points on the chip. Throughout the study around 50 EBs were
analyzed. Results revealed that the relative ALP activity was low for
large EBs and decreased with progress of the differentiation level of
the ES cells. In other words, under the present conditions large EBs
showed a higher differentiation potential as compared with the small
EBs based on ALP activity. ATP content of some EBs was deter-
mined using a chemiluminescence method following the ALP activity
measurement. Small EBs showed fewer ATP content than large EBs.
ATP can be thought as a differentiation marker as the ES cells tend to
produce more ATP while they differentiate. In addition, a long-time
continuous electrochemical monitoring was performed, in which case
the ALP activity of the EBs was successfully monitored in real time
for 3.5 h and their ALP activity in a glucose-free buffer decreased
after 2 h. To the best of our knowledge, this is the first report for
the use of an LSI-based multi-point amperometric sensor for real-time
cell monitoring over 3 h. The chip is expected to be useful for the
assessment of 3D tissues or tissue like structures.
In Chapter 6, a new concept was proposed to produce a cell culture ar-
ray with close range paired cells. Cell culture arrays have been formed
using microwells, microfluidics and magnetic forces and array devices
for single-cell pairing have also been demonstrated. Developing a reli-
able concept for cell pairing is crucial especially for a variety of fields
including immunology, co-culture for tissue engineering and electrofu-
sion. Here, a chip device that employs dielectrophoresis (DEP) with
an array of 900 gourd-shaped microwells was proposed to pair single
cells of different types in large scale. The device consists of inter-
digitated array (IDA) electrodes and uses positive DEP to trap cells
within the predefined microwells. Due to nature of the component
and adopted strategy, the chip was called as DEP-based chip device
with IDA electrodes (DEPIDA). Basically, each side of a microwell is
on a different comb of the IDA, so that cells of different types can
be trapped on opposite sides of the microwells. Since the microw-
ell pairs are connected to each other with a micro-orifice, close cell
pairing can be achieved using the DEPIDA chip device. Following
the cell-pairing, the cells were pushed toward each-other for cell-cell
contact using nDEP, which is important for both electrofusion and to
investigating the cell behavior in case of direct cell-cell contact. Us-
ing this device, a large number of cell pairs can be formed easily and
rapidly, making it a highly attractive tool for controllable cell pairing
in a range of biological applications.
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1.1 Background of the Work
Development of biosensing devices is one of the most advancing fields and re-
search related with biosensors has experienced explosive growth over the last two
decades [Grieshaber et al., 2008, Vo-Dinh and Cullum, 2000, Vo-Dinh, 2007]. A
special deal of interest is given to these devices because of their applicability in
various areas ranging from health care to environmental monitoring [Oki et al.,
2004, Wanekaya et al., 2008]. Biosensing is simply defined as using a fabricated
device to detect and convert response of a biological target to a quantifiable and
processable signal at desired sensitivity [Lowe, 1984] . In recent years, researchers
have been trying to find a way to make more sensitive, efficient as well as cheaper
biosensing devices, which might be based on optical, mechanical or electrochem-
ical [Yang et al., 2010]. Although optical techniques are the ones widely used
due to high sensitivity, they have some disadvantages such as undesired fluctu-
ation because of quenching or emission from non-target materials, the need for
labeling and shielding effect of turbid solution which might potentially disturb
the analysis and hereby lower the accuracy [Inoue et al., 2012, Ino et al., 2012a].
As an alternative method, electrochemical methods have been introduced into
biosensing devices. Electrochemical methods are, in general, superior to optical
methods because of rapid response, low cost, simple and easy handling as well
as being well suited for biosensing devices and they do not require expensive
signal transduction equipment [Ino et al., 2011b, Drummond et al., 2003, Wang,
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2000, Bang et al., 2005]. Using a simple electrode it is quite possible to detect
oxygen consumption of cells or the activity of secreted or membrane bound pro-
teins of cells, which means that the electrochemical detection can be applied for
cell analysis (Figure 1.1).
(A)  






O2   Protein  
B  
Figure 1.1: Electrochemical cell analysis. (A) Measurement of cell oxygen consumption
and (B) detecion of cell protein (secreted or membrane bound) activity.
Along with the advancements in micro-nano fabrication technology, ultra small
electrodes at micro-nano size were fabricated using sophisticated fabrication tech-
nologies, which further widened the potential application of electrochemical based
biosensing devices [Shen et al., 2011, Kim et al., 2011, Minev et al., 2012, Rutkowska
et al., 2011, Park et al., 2007, Wang et al., 2013]. Micro-nano electrodes dif-
fer from millimeter sized electrodes due to a number of features including low
ohmic drop, low double layer charging current and fast mass transport [Lin et al.,
2009a, Kudera et al., 2001, Wang et al., 2006a]. These new features offer a num-
ber of advantages over the conventional electrodes and enable measurement in
localized volumes such as cells.
2
General Introduction
1.2 Electrochemical Characterization Cell-based
Assays
The cell-based assays have been used to study cellular functions such as metabolism
and gene expression, which potentially offer high throughput screening for drug
discovery. Currently, a variety of electrochemical based methods are being em-
ployed to develop such assays. Whole-cell based biosensing assays, in which
the genetically modified cell is used as a transducer to produce measurable sig-
nal through a reporter protein such as green fluorescence protein, luciferase or
SEAP are hybrid systems that utilize living cells as sensing element to monitor
physiological changes induced by either internal or external stimuli [Stett et al.,
2003, Ziegler, 2000] and these biosensing devices are offering new alternatives for
a variety of areas such as drug discovery, diagnosis and environmental biomon-
itoring for detection of various stressors, including dioxins, endocrine-disturbing
chemicals, ionizing radiation [Gu et al., 2004, Fang, 2006, Matsue and Shiku,
2006, Daunert et al., 2000]. Among various features of whole-cell biosensing de-
vices especially one feature comes to prominence that whole-cell biosensor arrays
allow us to evaluate protein production and signal pathways which are activated
by specific drugs or toxins, hereby this helps us to enlighten the intracellular
signal pathways and monitor protein production that might have a huge impact
on diagnosis and treatment of some specific diseases like cancer [Kelso et al.,
2000, Takahashi et al., 2009]. At this point, although conventional electrochem-
ical chip devices might be used for analysis, they suffer from low-throughput
because the individual addressing of each detection point number is limited due
to fact that the individual addressing is realized using individual addressing by
connecting each detection point to a connector electrode on the bond pad in
the 1:1 mode; therefore due to limited area for the bond pad on the chip, a
large number of electrode integration is difficult in conventional electrochemical
chip devices. Integration of a large number of addressable electrodes is impor-
tant for multi-analyte detection in a high-throughput manner; therefore, some
new fabrication approaches and MEMS based technologies are used to develop




1.3 Fundamentals of Electrochemical Detection
The electrochemical detection is simply based on monitoring the electrical signal
change due to electrochemical reactions taking place at the surface of an electrode
in case of imposed perturbations like potential or current. In electrochemical
detections, one always measures potential current relationship of an electrode,
which is so called working electrode. In other words, only one half reaction is
taken into consideration for the detection considering an electrochemical cell that
consists of two half reaction. Of course, same current flows through the auxiliary
electrode to balance and complete the electrochemical cell; however the reaction
at this electrode is mostly unknown and not rate determining. The equilibrium
concentrations of oxidized and reduced electrospecies are related to the potential
via Nernst equation.







The symbols used in the equation denote their specific meanings as follows; E;
potential, E0; standard potential, R; universal gas constant, T; absolute temper-
ature, n; the number of transferred electrons to the half reaction, F; Faraday
constant, αox and αred; chemical activity coefficients of oxidized and reduced
species, respectively. Although the standard potentials are the fundamental val-
ues, in practice, formal potentials are more frequently used. Formal potentials are
conditional constant, in other words, they are tabulated for some strict conditions
like temperature and pH. The formal potential deviates from standard potential
because of non-unity of chemical activity coefficients and side reactions. Using












denotes formal potential. The concept of formal potential has
been developed for mathematical treatment of redox titration, which cannot be
explained using standard potentials. The formal potentials are experimentally
determined using the equation (1.1). There exist to be a standard potential of
each redox couple (reduction and oxidation standard potential) at which the ox-
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idized and reduced species are found to be in equal concentrations. In case of an
imposed potential to the system with respect to a reference electrode using a po-
tentiostat, the concentrations of the redox species change by the equation (1.2).
If the applied potential is made more negative, the energy of electrons in the
electrode increase and therefore; they are transferred to solution to find a vacant
state. The phenomenon is called as reduction of redox species. The same thing
applies to the opposite scenario; if the applied potential is made more positive,
the electrons are transferred from solution to the electrode to find a vacant state
and the phenomenon is referred as oxidation of redox species. The movements
of electrons can be measured as oxidation and reduction current, which can be
used to make the electrochemical detection a quantitative method. Electrochem-
ical method can be based on amperometry, potentiometry and conductometry
considering the analytical principles of operation and subject of interest. In the
present study, electrochemical methods based on amperometry were used. The
current, in amperometry, relies on the surface concentration, which makes the
amperometry based detection methods more amenable to the miniaturization
process. There have been fabricated various types of micro-nano electrodes and
in general they can be categorized into two basic types based on their shapes;
probe and planar. Micro-nano electrodes are generally fabricated with the shape
of disk. The response of micro-disk electrode differs from the disk electrodes in
centimeter and millimeter size based on the diffusion layer. The general equation
of diffusion layer thickness is as follows [Bard and Faulkner, 1980];
δ−1 = (DtΠ)−1/2 (1.3)
The symbols of D, Π and t denote diffusion coefficient, pi and time, respectively.
According to the equation (1.3), as the time (t) increases the diffusion layer
δ expands in a constant manner. In case of a cyclic voltammetry (CV), the
diffusion of redox components from the bulk solution to the electrode surface due
to concentration gradient do not match the electron transfer at the surface of the
electrode resulting in a current peak. It also should not be forgotten that the
peak current in case of a CV is also determinced by the square root of scanning
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rate (v1/2). However, the equation for microelectrodes is rewritten as [Bard and
Faulkner, 1980];
δ−1 = (DtΠ)−1/2 + r−1 (1.4)
where r denotes the radius of the microelectrode. According to the equation (1.4),
as the time (t) approaches to infinite, the thickness of the diffusion layer converges
to the term r and hereby finds a steady state causing a diffusion controlled steady
state current response expressed with equation as follows [Matsue, 2012];
i = 4nFDCr (1.5)
The symbols n and C denote the number of transferred electrons and the con-
centration of redox component in bulky solution. One of the fundamental laws
in electrochemistry is Faraday’s Law, according to which the electricity passed
through the electrode is proportional to the mass altered at the surface of the
electrode and expressed as;
Q = nFN (1.6)




= nF × dN
dt
(1.7)
The symbols Q and N denote the charge introduced to the electrochemical cell
and the moles of analyte electrolyzed, respectively. The rate at which electrons
are transferred between the electrode and the redox molecules in the solution is
influenced by the applied potential. Once the molecules at the surface of elec-
trodes are all consumed and new molecules are transported from bulky solution to
the electrode surface. There are three types of mass transport; diffusion, convec-
tion and migration. Diffusion is mostly constituted because of the concentration
gradient formed at the electrode surface right after the electrolysis of electroac-
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tive molecules. Migration is formed due to motion of charged molecules in case
of electric gradient. The mass transport with convection can be performed via
stirring the solution. Another type of convection based mass transport exists and
is referred as natural convection, which operates perpendicular to the electrode
surface in still solutions. The migration effect can be eliminated by additional of
electrolyte as the ionic charge carrier to make the solution conductive and hereby
prevent the motion of charged redox species in electric gradient. The convec-
tion can also be eliminated to some extend by using still solution, although it is
hard to completely eliminate the effect of natural convection rising from vibra-
tion and density gradient. The diffusion only experiments that puts a limit to
the electrochemical reaction can be maintained only for a short time (less than
20 s). Diffusion behavior differs with respect to the size of the electrode; in case
of electrodes in milimeter/centimeter sizes, planar diffusion is formed, whereas in
micro/nano microdisk electrodes hemispherical diffusion is formed. In hemispher-
ical diffusion edge effect, an effect caused by the transport of redox components
radially at the edge of the electrodes play significant role in reaching a steady
state mass transport so as the steady state current and this effect is neglected in
macro electrodes due to linear diffusion dominancy (Figure 1.2).
(A) (B) 
Microelectrode Large electrode 
Figure 1.2: General diffusion behaviors; (A) radial and (B) planar diffusions.
Electrochemical detection is very sensitive and has a potential of detecting in the
femto mol/L range depending on the analyte and sample matrix. More chemical
specific conditions can be obtained by choosing the right electrode material along
with the right potential in which case non-faradaic/double layer current can also
be minimized. In choosing the right electrode materials, a few criteria must be
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taken into consideration; the involvement of the electrode material in the elec-
trochemical reaction, the applicable potential range and the kinetics of electron
transfer reaction. Considering all of these criteria, some materials are found to be
more favorable in detection of some certain components. For example; phenols,
catechols, catecholamines, thiols are measured generally with carbon electrodes,
whereas monosaccharides, disaccharides, amino alcohols and amino sugars can
be easily detected using gold electrodes. In addition, platinum electrodes can be
used to measure alcohols, hydrogen peroxide, aldehydes and hydrazine.
1.4 SECM
SECM is actively being used for noninvasive monitoring of cellular status, in
which the probe is used to scan near the cell, thus allowing both simultaneous
topological mapping of the surface and chemical mapping of electroactive species
like dopamine, oxygen, p-aminophenol (PAP) [Trouillon et al., 2012, Amemiya
et al., 2008]. The use of SECM eliminates many typical sources of experimental
errors including the effect of the resistive potential drop in the solution, charg-
ing current and along with those it also enables analytical measurements at the
interfaces [Mirkin and Horrocks, 2000]. The spatial resolution depends on the
size of micro-nano electrodes. Even though it might suffer from spatial reso-
lution compared to other scanning probe microscopy (SPM) methods such as
STM and AFM, SECM has a unique feature, which makes the SECM advan-
tageous compared to other conventional SPM methods; SECM can image and
induce localized chemical reaction in a controlled manner, which benefits to elec-
trochemical based imaging. SECM can be used in a several types of experiments
including feedback, generation-collection, penetration, ion transfer, equilibrium
perturbation and potentiometric detection. There are two basic measurement
modes for SECM; feedback [Edwards et al., 2006] and generation-collection [Lil-
jeroth et al., 2002] (Figure 1.3). SECM can operate along the surface plain (x-y)
or toward to surface (z axis). In feedback mode, if the current increases as the
tip approaches to the surface, a conductive surface, the phenomenon is called as
positive feedback mode. Vice versa, if the current decreases as the probe ap-
proaches to a surface, an insulated surface, the phenomenon is called negative
8
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(AI)   (AII)   (AIII)  
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Ox   Red   Ox  
Figure 1.3: General SECM modes. (A) Feedback modes ((AI); no feedback, (AII);
positive feedback, (AIII); negative feedback). (B) Generation-collection mode.
feedback. The generation-collection mode is obtained by two working electrodes
whose potentials are controlled by a bipotentiostat. The electroactive species
generated at the generator electrode diffuses into the solution and then detected
by the collector electrode. In this mode, the electroactive species are transported
in between the generator and collector electrode, which leads to amplification of
the signal in a significant manner. Substrate generation-tip collection is another
type of the generation-collection mode, where the produced electroactive species
at the substrate diffuse and reach to the tip of the collector for detection. SECM
has been applied to cell metabolism, respiration and imaging of cells based on the
activity of cell membrane proteins and it is becoming a powerful tool for anal-
ysis of cells. Lately, several modifications have been introduced to SECM such
as AFM [Kueng et al., 2003, Eckhard et al., 2007, Avdic et al., 2011, Davoodi
et al., 2008] to enhance and complement the information obtained through SECM.
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Combined AFM-SECM is a powerful technology capable of providing simultane-
ously electrochemical and topographical images of the scanned surface. Via these
modifications, the primary goal is to obtain high-resolution images, investigation
of structures on the nanoscale and hereby widen SECM’s applications.
1.5 Micro-Devices
In the last decade, the focus of the micro-system has shifted from electrome-
chanical systems to bio-micromechanical systems and nanotechnology mostly be-
cause of the potential wide applications of micro-systems to biology, chemistry
and medicine [Bhattacharya et al., 2007]. Therefore use of sophisticated mi-
cro/nanofabrication technologies such as microelectromechanical systems (MEMS)-
related technologies for biological applications has increased rapidly and has be-
come more prevalent in a variety of areas, such as diagnostics, therapeutics, drug
delivery and bio-sensing [Metz et al., 2004, Ndieyira et al., 2008, Ferguson et al.,
2009, Cira et al., 2012]. A wide variety of micro-devices are being developed for
various purposes ranging from culturing cells to detect some proteins released
from bio-samples or cells itself [Ino et al., 2012a, Skelley et al., 2009, Ma et al.,
2010, Ahadian et al., 2012, Suzuki et al., 2008]. Downsizing the analytical device
provides various advantages including reduced fingerprint and solvent demand,
increased efficiency and separation speed [Manz et al., 1990]. It can also be noted
that it is possible to fabricate inexpensive, remote controllable and portable de-
vices using micro fabrication technology, which is one of the very reason why
this subject attracted the attention of the many scientist all across the world.
The integration of MEMS-related technology with bio-sensing devices enables
miniaturization of actuator/sensor elements that might have wide possible appli-
cations, including single cell and bio-sample analysis [Bashir, 2004, Eyer et al.,
2012]. The use of MEMS-related technology based bio-sensing devices for bio-
analysis including single cell analysis reduces the volume of required reagents and
overall sensor size with respect to the bio-sample size, which leads to portability,
lower cost, higher sensitivity, and rapidity [Li et al., 2003]. Another advantage
that miniaturization of the chip provides for bio-sensing devices is to enable fabri-
cation of biochips having many sensor points allowing simultaneous detection and
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quantification of multiple analyte along with high resolution bio-sample analysis.
Downsizing the sensor point favors the analysis of single cells, where capture of
cell and target concentration becomes much easier. Microelectrode array and
complementary metaloxidesemiconductor (CMOS) based devices enable integra-
tion of a large number of addressable electrodes in a tight space, which benefits
simultaneous analysis of multiple single cells or 3D tissues like EBs in a high-
throughput manner. Since the systems have high temporal resolution, the analy-
sis with such devices is time-saving. Due to nature of the microelectrode arrays,
signal amplification is also possible leading a high-sensitive measurement.
1.6 Microfabrication
Basic techniques required to obtain the desired microstructure pattern originate
from semi-conductor related processes including thin-film metallization, chemical
etching and photolithography [Suzuki, 2000]. Channels, vials, reservoirs, microw-
ells and micro-orifices can be given as examples for the structures that can be
obtained through the micro fabrication [Gel et al., 2010, Yu et al., 2013, Patel
et al., 2013, Dahlmann et al., 2013, Kim et al., 2012]. Silicon, ceramic and glass
are the most widely used substrates [Ghafari and Hanley, 2012, Nakazato et al.,
2012]. Any metal used for macrostructures can be patterned on a substrate us-
ing a combination of photolithography and metal deposition techniques. In case
of patterning a structure using photolithography, two types of photoresist are
used; positive and negative photoresist. Briefly, a photoresist type is coated on
a substrate using either spin or spray-coating [Lorenz et al., 1998, Pham et al.,
2005]. After coating, a thin layer, uniform in thickness, is formed on the used
substrates. The thickness depends on a number of factors like the photoresist
type and density, speed and duration of spin coating [Yoon et al., 2012]. It is
also affected by the evaporation of the liquid solvent from the resist. Photoresists
providing a thickness ranging from 15 micron to 2 mm are available commercially.
After coating, the photoresist is pre-baked at various temperatures depending on
the photoresist type. Then, a mask having the desired shape is mounted on the
photoresist coated substrate and a UV-light is illuminated on the mask to pattern
the detailed shape of the mask on the coated photoresist. Exposure to UV-light
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changes the chemical structure of the photoresist. In case of the negative pho-
toresist, the exposed area gets hardened and becomes resistant to the ”developing
solution”, in which case the unexposed area is dissolved by the developing solution
[Greener et al., 2010]. Vice versa, the exposed area of the photoresist gets more
sensitive to the developing solution, in which case the exposed area is washed away
while the unexposed area stays on the substrate [Dill et al., 1975]. During expo-
sure and developing process, UV wavelength and duration time must be chosen
properly in order to get better results. To promote adhesion of the photoresist on
the substrate, a primer is generally used. Metals can be deposited on a substrate
either by vacuum-evaporation or sputtering. In order to pattern a metal on a sub-
strate, generally two methods are used; etching and lift-off. The etching might be
dry or wet. Wet etching is generally done using an etching solution that etches
the patterned metal through photolithography, whereas the dry etching is gener-
ally done using plasma reactive gases such as oxygen and argon. Both techniques
can be used for any metal patterning, however; for some certain materials like
platinum, finding a mask material more resistant to the etching solutions is a bit
difficult [Kllensperger et al., 2012]. In such cases, either oxidizing the patterned
locations on the metal through oxygen plasma, which changes the etching profile
of metal at the oxidized location, or photolithography can be more favorable. A
basic process for photolithography and metal deposition based metal patterning
is depicted in Figure 1.4. One important point is to form overhang shape in order
to obtain clear-cut shapes for deposited materials, which also ease the lift-off pro-
cess for thick metals that cannot be lifted-off easily. Over-hang can be obtained
using two strategies; either by soaking a prebaked photoresist into an aromatic
solvent [Halverson et al., 1982] or using lift off resist (LOR) [Chang and Kempisty,
2002]. Soaking the photoresist into an aromatic solvent changes the developing
profile of the above layer of the prebaked photoresist that got in contact with the
solvent. For instance, when a prebaked positive photoresist, S1818, is soaked into
chlorobenzene for a short period of time like 3 min, chlorobenzene diffuses through
the photoresist and cause it to swell, which results in formation of a gel like layer
with respect to the depth of the solvent diffusion that is more resistant than
the untreated photoresist area [Lee and Yoon, 2005]. In second strategy, LOR
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Figure 1.4: Basic process for lithography based patterning.
to develop the patterned shape on the above photoresist also develops LOR par-
tially, which denotes under-etching, causing over-hang profile [Ekkels et al., 2009].
After patterning a metal on a substrate, the surface of metal is generally sealed
at a desired pattern by means of photolithography using photoresists like SU-8
to avoid having the whole metal getting in contact with the solution. Along with
patterning some metals on a substrate using micro-fabrication technology, some
master molds can also be fabricated using photolithography for micro-replication.
Micro-replication enables fabrication of channels and microwells like structures at
large quantities. The technique can be briefly described as curing a polymer on
a master mold that gives its shape to the cured polymer. There are three types
of micro-replication techniques; casting, injection molding and embossing [Mar-
tynova et al., 1997, Martin et al., 2001, Larsson et al., 1997]. The most widely
used polymer for replica is poly(dimethylsiloxane) (PDMS), which is best known
for non-toxicity for cells. PDMS, a silicon based elastomer, is first introduced into
the micro-fabrication in late 90s. Low surface energy (important for demolding
process) and liquidity before curing are the two most important features that
make PDMS an indispensable polymer for micro-fabrication. A simple process
for cast type microfabrication is depicted in Figure 1.5. Simply, a master mold
having the desired shape is fabricated on a substrate using SU-8 photoresist. To
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1. Master mold 
   Master mold 
Figure 1.5: Basic steps required for cast type microfabrication.
promote strip off, a chemical agent was treated to the surface and then the PDMS
is casted on the master mold. To cure the PDMS, the sample is baked in an oven
for a certain time like 1 h. In the final step, the cured PDMS is stripped off from
the master mold. The master mold can easily be used for fabrication of hundreds
of copies of microstructures. The replica technique saves time and money.
1.7 Dielectrophoresis (DEP)
DEP was first introduced and defined by Pohl as motion of dielectric particles
in case of non-uniform electric field [Pohl, 1951, Park et al., 2009]. Unlike elec-
trophoresis DEP is insensitive to the field polarity and does not require particles
to be charged in order to manipulate with the electric field. Since DEP can
be applied for manipulating particles including cells, DEP is used for cell chips
[Park et al., 2009, Ino et al., 2009]. When pDEP or nDEP is induced, a particle
is attracted to or repelled from a region of high electric filed strength, respec-
tively [Ramon-Azcon et al., 2012]. The behavior of the particles under dielectric
force depends on the electric field gradient, dielectrophoretic characteristic of the
particles and surrounding medium. DEP based on the interaction between the
electric field and the target entity can be roughly categorized into three types;
negative DEP (nDEP), positive DEP (pDEP) and a combination of this two [Ino
et al., 2009]. DEP considering the type can be used for various purposes such
as separating, concentrating or aligning the target entities [Ho et al., 2006, Yang
et al., 2006, Suzuki et al., 2008, Markx et al., 1994, Liang et al., 2010, Doh and
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Cho, 2005]. The DEP based manipulation is not restricted to the displacement
of target entities. It can also be used to rotate or even restrict the target enti-
ties including cells into the predefined locations [Mittal et al., 2007, Hong et al.,
2012]. As a result, DEP is becoming a versatile tool in microchip systems to
manipulate cells in solution. In order to realize the DEP, the behavior of a dipole
Figure 1.6: Numerically calculated electric field lines for four distinctive case depending
on the polarizability of particle and medium; particle with higher (a) or less (b) polar-
izability than the medium in uniform electric field; particle being more (c) or less (d)
polarizable than the medium in non-uniform electric field [Morgan and Green, 2003]
in non-uniform electric field can simply be pictured, in which case the dipole is
at least partially oriented in the electric field gradient and therefore an end of the
dipole experiences stronger electric field than the other causing a non-zero net
force which sets the dipole in motion. Figure 1.6 shows the electric field distribu-
tion around a particle in both uniform and non-uniform field geometries [Morgan
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and Green, 2003]. In Figure 1.6(a), the particle has a greater polarisability than
its surrounding medium, in which case the field lines bend toward the particles
as if the particle is a metal sphere. The field inside the particle is almost zero.
Vice versa, in case of particle being less polarizable than its surrounding medium
(Figure 1.6(b)), the field lines bend over the particle as if it is an insulator. The
field inside and outside the particle is similar. In case of which, the particle has
the same polarisability as the surrounding medium; the system behaves as if the
particle does not exist and the all of the field lines become parallel to each other.
In case of non-uniform electric field, the particle polarization and the field lines
arrangements around the particle behave similar as the uniform field [Morgan
and Green, 2003]. However, the density of field lines differs around the particle
causing greater field strength to one than the other leading to motion of the parti-
cle. In case of Figure 1.6(c), the particle is more polarizable than its surrounding
medium; therefore the field lines bend toward the particle as it is in case of uni-
form electric field. However, field strength is greater on one side of the particle
than the other side causing the imbalance of forces on the induced dipole result-
ing in motion toward the strong field regions [Morgan and Green, 2003]. This
phenomenon is referred as pDEP. In contrast, when the particle is less polarizable
than its surrounding medium, the particle shows an opposite behavior by moving
away from the strong field regions denoting nDEP (Figure 1.6(d)) [Morgan and
Green, 2003]. It should also be noted that the polarizability of the particle can
be determined by the applied frequency since the induced dipole is a function of
the frequency [Morgan and Green, 2003]. At low frequencies, the charges on a
particle have time to respond to the direction chance in the electric field making
the particle more polarizable than the surrounding medium. On contrary, at high
frequencies, the charges on the particle do not have enough time to respond to the
direction chance in the electric field making the particle less polarizable than its
surrounding medium. The DEP force affecting the particle is defined as follows









The symbol K(ω) denotes the Clausius-Mossotti factor (CM factor), which de-
scribes a relaxation in the effective polarizability or permittivity of the particle
with a relaxation time, ε is permittivity (F/m), α3 is volume of the particle, 5
is del operator, subscripts p and m means particle and medium, respectively. ε
is defined as;
ε = ε− σ
ω
j (1.10)
where σ is conductivity (S/m), ω is the angular frequency, (=2πf, (f: applied
frequency))(Hz), j is the imaginary number. The frequency dependence and the
direction of the force is defined by the real part of the CM factor. If the polar-
izability of the particle is greater than the surrounding medium (Re[K(ω)]>0),
the particle is attracted to the high electric field region and this phenomenon is
defined as pDEP. Vice versa, if the Re[K(ω)]<0, a reverse phenomenon occurs
which is defined as nDEP [Castellarnau et al., 2006].
1.8 Purpose of the Dissertation
The purpose of this dissertation is to contribute realizing new electrochemical
based platforms toward analysis of cells and 3D tissues or tissue like structures.
Electrochemical based systems are being increasingly applied in the area of bio-
analysis and they are thought to become indispensable in realizing fundamentals
of biological processes. Hence, many different versatile electrochemical based sys-
tems are being developed though incorporation with other systems like lab-on-a-
chip devices and micro-fluidics to understand different aspects of different biolog-
ical process. The effort given to develop such electrochemical platforms clearly
indicates that the electrochemical based systems are becoming major players in
applied bioscience. Here, in this dissertation several new electrochemical plat-
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forms have been developed for bio-analysis and some improvements were made
to overcome some drawbacks of electrochemical measurements in cell analysis
including high-throughput. We first applied a new approach to realize protein
expression of single cells using SECM. The new approach helped to overcome some
obvious problems that had been encountered with the previous system [Murata
et al., 2009]. This new approach made the system a non-invasive method since the
measurement was performed on the basis of first separation of the product from
the cell and then measurement. The system has a potential to be useful for gene
expression analysis. Next, the same approach was adopted for a lab-on-a-chip de-
vice for high-throughput analysis, which enabled analysis of multiple single cell
(up to 256) gene expression simultaneously. In addition, the system appears to be
relatively non-invasive method. In the fifth chapter of the dissertation, a CMOS
based chip device (Bio-LSI) was used for the electrochemical analysis of multiple
EBs, which could be seen as 3D tissue or tissue like structure. The purpose was
to show usefulness of the system in differentiation potential analysis of EBs of dif-
ferent sizes and offer a new platform for the analysis of such kind of bio-samples.
Along with the successful differentiation potential analysis, the new platform en-
abled multi-detection based long-time continuous electrochemical measurement
of EBs, which turned the system into a video-camera for electrochemical long
time monitoring. In the last chapter, a novel DEP based system was proposed
for the close arrangement of the single cells of different type. The new system






In this chapter, a detailed information will be given about some fabrication




General steps used for fabrication of a pattern on a glass-slide using positive
(S1818; Shipley Corp., USA) photoresist are as follows; spin-coating, soft bake,
relaxation time, exposure, development. The fabrication process is as follows;
first, surface of a substrate of interest is cleaned via ultrasonic cleaner for 10 min
inside a number of solutions, respectively, in the given order; mili-Q water, ace-
tone, isopropanol. Then, the substrate of interest is treated with oxygen plasma
(Plasma Asher LTA-101, Yanaco Corp., Japan) for approximately 30-60 s to clean
its surface. This is followed by spin-coating the surface by first, primer and then
S1818 positive photoresist at 3000 rpm for 30 s using a spin-coater. Subsequently,
the photoresist is pre-baked at 65 0C for 1 min and then 90 0C for 5 min, which
is followed by relaxation by means of cooling at 65 0C for 3 min and keeping
the samples at room temperature around 10 min. The design on the 2.5 inch
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chromium mask is then patterned on the glass-slide by means of UV exposure
using a mask-aligner. The exposure time is approximately 13-15 s. Next, the
exposed area is removed by first immersing the substrate inside CD-25 developer
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Figure 2.1: Positive photoresist.
2.2.1.2 Negative photoresist
Throughout the study, various types of SU-8 (2002, 3005, 3025, 3050) were used
as negative photoresist. The general steps used for SU-8 layer fabrication are as
follows; first, the surface of a substrate of interest is cleaned by means of oxygen
plasma treatment for approximately 30-60 s (if necessary, the substrate is cleaned
via ultrasonic cleaner (US 4R, AS ONE, China) before the oxygen plasma treat-
ment) and spin-coated with the intended SU-8 type at 3000 rpm for 30 s. Next,
the substrate is pre-baked at temperatures in the following order; 65 0C for 1
min and 95 0C for 5 min. Subsequently, the substrate coated with SU-8 is cooled
down to room temperature gradually by first placing it on the hot plate at 65
0C for 3 min and then on a bench-top. After which, the substrate coated with
SU-8 is exposed to UV for 30 s to pattern the design on the 2.5 inch chromium
mask using a mask aligner (Mikasa, Japan). The patterned substrate is then
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post-baked at temperatures in the given order; 65 0C for 1 min and 95 0C for
5 min and the substrate is brought to room temperature by following the same
steps described in the part of positive photoresist. Afterward, the substrate is
developed in SU-8 developer for 4 min, during which the unexposed area is re-
moved. Next, the substrate is washed with isopropanol and dried using a blower.
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Figure 2.2: Negative photoresist
2.2.1.3 Soft-lithography
As elastomeric material, PDMS was used. The basic steps are as follows; the
elaromeric material is first prepared by mixing a PDMS pre-polymer with a
curing agent (Silpot 184. Dow Corning Toray) in a ratio of 10:1 (v/v). The
elastomer mixture is further mixed properly and then degassed for approximately
1 h using a desiccator. Subsequently, the mixed elastomer is poured on either
a mold, which is pretreated with 3,3,4,4,5,5,6,6,6-nonafluorohexyl trichlorosilane
(ShinEtsu Chemical Corp, Japan), or a chip to fabricate a wall. Subsequently,
the PDMS is cured in an oven at 80 0C for 1 h. In case of a mold, the PDMS




Throughout the study, after using positive photoresist patterning, the patterned
area was generally sputtered with a desired metal using a sputter machine (L-
332S-FH, Anelva Corp., Japan). The general process is as follows; prior to the
sputtering, the samples are treated with oxygen plasma for approximately 10-30
s. During the sputtering process, the manual of the machine is followed. In case
of Pt sputtering, first a Ti layer is sputtered for approximately 1-5 min and then
a Pt layer for approximately 5-15 min to obtain the desired thickness of the Pt
layer. In case of an Au layer, first a Ti layer is sputtered for approximately 1-
2 min. then a Pt layer for approximately 1-2 min and finally the Au layer for
approximately 10 min. Following the sputtering, a lift-off process is performed
by immersing the substrates inside acetone solution for a period of time ranging
from 10 min to 1 day.
2.2.3 Mask fabrication
The desired patterns were designed using Vector Works 2011 (Nemetschek Vec-
torworks, USA) and implemented on a 2.5 inch Chromium mask (Ulcoat Coating
Corp., Japan) using a laser lithography tool (Heidelberg Instruments Mikrotech-
nik, Germany). The general steps are as follows; a 2.5 inch Chromium mask is
first baked at 145 0C for 5 min and then brought to room temperature (approxi-
mately 10 min). The cooled mask is then spin-coated with OFPR800 LB 15 CP
(Tokyo Ohka Kohyo Corp. Ltd., Japan) at 4000 rpm for 30 s and baked at 90
0C for 30 min. Next, the desired pattern is implemented using the laser lithogra-
phy tool, in which case the manual of the machine was followed. Subsequently,
the patterned are is removed using NWD developer (Tokyo Ohka Kohyo Corp.
Ltd., Japan) and the underlying chromium is etched using a chromium etching
solution. In the final step, the remaining OFPR layer is removed using acetone.
The mask is ready to use.
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Electrochemical Detection of Secreted Alkaline
Phosphatase (SEAP) from Single HeLa Cells
Using SECM
3.1 Introduction
The reporter protein SEAP, which hydrolyzes PAPP to electrochemically active
species PAP, shows its highest activity around pH 10.5 and this pH level might
be an obstacle if non-invasive measurement of the SEAP activity is intended in
the presence of a cell. In this regard, one has to note that PAPP is also an
electroactive species and oxidized at a higher potential than PAP, so that the
respective oxidation of the two is possible. Previously, the expression of SEAP
was monitored in a direct manner from transformed HeLa cells using SECM
and a microwell array [Murata et al., 2009] (Figure 3.1). By using the method,
signaling pathways can be analyzed electrochemically. Although the expression
of SEAP at the single-cell level was monitored successfully, the cells might have
been damaged because the cells were exposed to a medium at pH 9.5 during
electrochemical measurement. Furthermore, the study may not be suitable for
reporter gene assay using transformed HeLa cells because the HeLa cells have
SEAP as well as endogenous ALP, in which case separation of the signal coming
from the two enzyme might be problematic and labor intensive. Here, a different
strategy involving separation of the SEAP and HeLa cells from each other along
with using a microengraving method [Love et al., 2006] has been intoduced as a
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Figure 3.1: Direct electrochemical measurement of SEAP in the presence of the trans-
formed HeLa cells.
new methodology to solve the problems encountered during the electrochemical
measurement in the presence of the cells (Figure 3.1). By using the method,
the culture process was separated from the detection process for avoiding HeLa
cells to be exposed to a medium at pH 9.5 during the electrochemical detection.
This strategy also enabled detection of only SEAP due to cell removal. SEAP-
plasmid transfected HeLa cells were patterned on a culture dish in a 4 × 4 array
of cylindrical microwells with a size of 100 × 100 µm (diameter × depth) enough
to maintain cell growth, which was later sealed with a special substrate covered
with anti-SEAP antibodies. After the incubation at pH 7.0, the substrate that
captured SEAP from the cells was peeled off from the microwells and scanned to
evaluate SEAP expression electrochemically using SECM.
3.2 Materials and Methods
3.2.1 Materials
RPMI-1640 (Gibco Invitrogen, Japan), fetal bovine serum (FBS; Gibco), 2-[4-
(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic acid (HEPES; Dojindo Laborato-
ries, Japan), PDMS (Silpot 184W/C, Dow Corning, USA), Opti-MEM I medium
(Gibco), Lipofectamine 2000 (Invitrogen, USA), PAPP (LKT Laboratory Inc.,
USA), 3,3,4,4,5,5,6,6,6-nonafluorohexyl trichlorosilane (LS-912; Shin-Etsu Chem-
ical Co. Ltd., Japan), SU-8 (Microchem, USA), SU-8 developer (Microchem),
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SU-8 sheet (XP film TRIAL-25; KATAKU MICROCHEM Co. Ltd., Japan),
penicillin/streptomycin (Gibco), phosphate buffered saline (PBS(-); Wako Pure
Chemical Industries, Japan), calcein-acetoxymethyl ester (calcein-AM; Dojindo
Laboratories), propidium iodide (PI; Dojindo Laboratories), p-nitrophenyl phos-
phate (Sigma-Aldrich, USA), EscAPeTM SEAP Chemiluminescence Detection
kit (Clontech, USA) and other chemicals were purchased and used as received.
SEAP control vector (pSEAP2-Control) were purchased from Clontech, BD Sci-
Figure 3.2: pSEAP2 basic vector information along with restriction map and multiple
cloning sites (The figure was taken from the vector information file provided by Clontech
Laboratories).
ences (Figure 3.2). The pSEAP2-Control is a positive control vector expressing
the SEAP in a costant manner under the control of the SV40 early promoter and
the SV40 enhancer. Briefly, the plasmid vector contains a multiple clonning site
(MCS), an f1 origin for single stranded DNA production, a pUC for replication,
a synthetic transcription blocker (TB) and an ampicilin resistance gene for pro-
pogation and selection in E. coli. Monoclonal anti-alkaline phosphatase, human
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placental antibody produced in mouse (anti-SEAP antibody) (Sigma-Aldrich,
USA) was diluted in Tris-HCl (0.05 M, pH 7.4) buffer containing 0.1 M NaCl and
15 mM NaN3. Throughout the study, two different substrate (polymer and glass)
having the same features were used.
3.2.2 ALP analysis
First, anti-SEAP antibody was diluted with the Tris-HCl buffer and applied
directly to the substrate in a clean environment, and incubated at 37 0C for 1
h. After incubation, the substrate was washed twice with HEPES-tween (0.05%)
solution and dried. For the ALP analysis, microwells with a size of 200 × 200
µm (diameter × depth) were fabricated using laser-penetrated technique and
filled with ALP diluted with HEPES (pH 7.4) solution, which was later covered
with anti-SEAP antibody and stabilized. The device was incubated at 37 0C
for 1 h. After incubation, the apparatus was disintegrated and the substrate
was washed twice with HEPES-tween (0.05%) solution and dried. Lastly, the
substrate was immersed into 4.7 mM PAPP in the HEPES buffer (pH 9.5) and
scanned electrochemically using SECM.
3.2.3 Cell culture and transfection
HeLa donated by the Cell Resource Center for Biomedical Research (Tohoku
University) were cultured in RPMI-1640 containing 10% FBS and 50 µg/ml
penicillin/streptomycin at 37 0C under a 5% CO2 humidified atmosphere. HeLa
cells were seeded into 35-mm dish (Falcon, USA) at a density of 3-5 × 105 cells
in 2 ml of antibiotic-free RPMI-1640 medium containing 10% FBS and were
incubated at 37 0C for overnight. the HeLa cells were then transfected by the
protocol of Lipofectamine 2000 and incubated for a further 5 h in the presence of
media mixture of Opti-MEM I (the liposome and the plasmid vector) and RPMI-
1640. The transfection medium was then replaced by a fresh culture medium
(RPMI-1640, 10% FBS, 1% penicilin/streptomycin) and the cells were incubated
overnight at 37 0C.
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3.2.4 Fabrication of microwells
We fabricated SU-8 master on a silicon wafer photolithographically. As a first
step of this process, SU-8 sheet was pasted on a silicon wafer, whose surface was
cleaned via ultrasonic cleaner, at 50 0C and prebaked at 95 0C. Subsequently,
this SU-8 was cooled down and exposed to UV for 30 s by using a mask aligner.
The SU-8 layer was exposed to SU-8 developer to reveal the pillars of the SU-8
master, which was proceeded by a post-bake treatment performed at 180 0C for 30
min. This master mold was used to fabricate microwells made of PDMS, which
is a non-toxic biocompatible material. First, 3,3,4,4,5,5,6,6,6-Nonafluorohexyl
trichlorosilane was applied to the surface of the SU-8 master to make its surface
hydrophobic, which prevents PDMS from adhering to the surface of the mold.
PDMS prepolymer was poured onto the SU-8 master mold and baked at 80 0C
for 1 h. The baked PDMS along with the master was soaked into ethanol (95%)
to peel it off from the master and placed on a glass slide cleaned via ultrasonic
cleaner. The arrays comprised 16 microwells (cylindrical microwells: diameter,
100 µm; depth, 100 µm) having a center-to-center distance of 400 µm. Before
use, arrays of microwells were treated with an oxygen plasma for 20 s to ease the
introduction of solutions into the wells.
3.2.5 Optical assay for SEAP
Transfected HeLa cells (5-6 × 104) were seeded to a 96-well plate and incubated
at 37 0C for 4 h. Subsequently, half of the supernatant in each well transferred
to new well. By using the EscAPeTM SEAP Chemiluminescence Detection kit
(Clontech), the SEAP amounts of supernatant and medium containing the cells
along with fresh medium as control were measured using a microplate reader (Bio-
Rad Labs, Inc., Japan). In this kit, p-nitrophenyl phosphate was used, which is
hydrolyzed to yellow colored p-nitrophenol by SEAP and ALP (Figure 3.3).
3.2.6 Cell viability
The viability of cells loaded into the microwells was evaluated with double staining
kit, which comprises calcein-AM and PI. Calcein-AM can permeate the plasma
27
SECM for Single Cell Analysis
NO2  







p-­‐Nitrophenyl  Phosphate   p-­‐nitrophenol  
Figure 3.3: Optical measurement of SEAP activity.
membrane and later be hydrolyzed by the cytoplasmic esterase in to calcein
emitting fluorescence and PI cannot permeate the cell plasma membrane and
therefore PI stained cells indicate the dead cells. First, HeLa cells were seeded
into 35-mm dish and incubated overnight. Next day, 0.2 µl calcein-AM, 0.3 µl PI
and 1 ml PBS were added into the dish for staining process. Subsequently, the
cells were incubated at 37 0C for 15 min. After the incubation, the stained cells
were introduced into the microwells along with RPMI-1640 containing PI and the
microwell array was sealed with a glass slide and the cells were incubated for 4
h. The cells were monitored with a fluorescence microscope to determine the cell
viability.
3.2.7 SECM analysis and microengraving method
SEAP secretion of HeLa cells in microwell array was determined electrochemi-
cally by SECM (Figure 3.4). First of all, overnight incubated cells were intro-
duced to microwells using microengraving method which involves loading cells
into microwells and applying them to the special substrate covered with anti-
SEAP antibodies. In this method, HeLa cells were applied to the microwells with
a density of 1-5 × 105 cells per ml and later allowed to settle into microwells by
gravity (5-10 min), which was proceeded by removal of excessive cells with fresh
medium. Afterward, the microwell array was sealed with special substrate, which
was later on stabilized and the whole device was turned upside down to let cap-
tured cells fall onto special substrate by gravity. The cells inside the microwells
were incubated at 37 0C for 4 h. Afterward, the special substrate was peeled
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Figure 3.4: Schematic illustration of the electrochemical reporter assay using a mi-
crowell array and SECM. During the scanning process, the height of the electrode tip
in constant-height mode SECM was set at 30 µm from the substrate.
off from the microwells and washed twice with HEPES-tween (0.05%) buffer to
abolish unspecific interactions. In last, the substrate was immersed into 4.7 mM
PAPP in a HEPES buffer (pH 9.5), which was later on scanned electrochemically
using SECM. For scanning process, a two-electrode system consisted of a Pt mi-
crodisk with the diameter of 50 µm as working and Ag/AgCl as reference/counter
electrode were used. The applied potential for working electrode was set at +0.30
V vs. Ag/AgCl to facilitate the oxidation of PAP formed by SEAP. An area of
1500 µm × 1500 µm was scanned at a rate of 50 µm/s at room temperature and
the height of microelectrode tip was constant during scanning and set at 30 µm
from the surface of the special substrate.
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3.3 Results and Discussion
It is a known fact that HeLa cells naturally contain ALP [Benham et al., 1978].
Since several kinds of cells also have endogenous ALP, it is necessary to distinguish
between SEAP caused with reporter gene and the endogenous ALP for reporter
gene assay. To investigate the amount of the endogenous ALP in the HeLa cells,
the optical assay was performed (Figure 3.5). These results show that the wild-
type HeLa cells had the endogenous ALP while the wild-type HeLa cells secreted
no ALP. The transformed HeLa cells secreted the ALP cause with the reporter
gene (SEAP), and some SEAP kept inside the HeLa cells. These results show that
it may be necessary to separate the supernatant from the cells for detecting only
the signals from the reporter gene, especially for single cell analyses. By using
the present method (Figure 3.4), the SEAP can be separated from the cells, and

















































































































Figure 3.5: The amounts of SEAP and membrane bound ALP of transformed HeLa
cells or wild-type HeLa cells using an optical assay. After a 4 h incubation without
serum in a 96-well plate, ALP contents of samples were determined. Fresh medium
without serum was used as a control.
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In the preliminary ALP analysis, the ALP solution was introduced on the sub-
strate covered with the anti-SEAP antibodies through the penetrated cylindrical
microwells (diameter; 200 µm, depth; 200 µm). After immobilizing the ALP on
the substrate, the substrate was scanned using SECM, the electrochemical images
were obtained. Figure 3.6 shows that the ALP was successfully immobilized to
the substrate, which also verifies the integrity of the design. Figure 3.6 also shows
that the ALP concentration-dependent currents were successfully acquired. The
experiments were performed for a rough estimation of the relationship between
the ALP concentration and the current signals, and for checking the immobiliza-
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Figure 3.6: Electrochemical detection for the immobilized ALP at various concentrations
on the substrate.
Using the array, we first evaluated cell viability in a closed microenvironment.
Cell viability in the microwells was assessed by comparing pictures taken before
and 4 h after incubation using live/dead fluorescence reagents. The transformed
HeLa cells were stained with a double staining kit (PI, calcein-AM) before en-
trapment inside a microwell to investigate cell viability during culture in the
microwell array. Out of 48 microwells, 18 microwells entrapped a single cell, 8
wells two cells, and 9 wells three cells. The fluorescence images (Figure 3.7)
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clearly show that most cells survived in the microwells. The microwells with
single cells showed a higher survival ratio (84%) than those with two or three
cells, which indicates that the nutrition in the microwell was not enough for two
or three cells. Based on the above results, we decided on 4 h as the incubation
time for electrochemical detection at the single-cell level. An electrochemical re-
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Figure 3.7: Measurement of the viability of individual cells in a closed microenviron-
ment. A phase microscope image (A) and fluorescent images (B, C) were acquired
before the culture, and a fluorescent image (D) was acquired after 4 h of culture. The
live cells: calcein-AM (green); the dead cells: PI (red). (E) The cell viability on trapping
1-3 cells in a microwell.
porter assay was performed in which pSEAP2-control plasmid transfected HeLa
cell were used. Here, cells transfected with plasmids constitutively expressed and
secreted SEAP, which was later on interacts with the special substrate covered by
anti-SEAP antibodies. Throughout the study, we avoided using buffer solutions
containing PBS considering its negative effect on the activity of SEAP. Figure
3.8 shows the scanning results. The cell number-dependent currents were suc-
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Figure 3.8: Electrochemical detection of SEAP secreted by transformed HeLa cells.
The phase microscope image (A) and the florescence image (B) of transformed HeLa
cells inside the microwells and the electrochemical image using SECM (C). (D) The
graph shows the current responses from 1-3 cells. (E) The histogram shows the ratio of
distribution vs. the current response from the single cells. The scale bars 200 µm.
cessfully obtained. Since the present method can distinguish SEAP cause with
a reporter gene from endogenous ALP in cells, the only SEAP activity was eval-
uated. The standard deviation values of no-cell, single cell, two cells and three
cells were 0.02, 0.32, 0.12, and 0.14, respectively. Since it is well known that
individual cells, even those that are identical in appearance, differ in numerous
characteristics [Rao et al., 2002, Ino et al., 2008], the standard deviation values
of the single cells were high. Since the cell viability reduced when more than
two cells were trapped into microwells (Figure 3.7(E)), the current signals from
more than two cells were not higher than expected (Figure 3.8(D)). Figure 3.8
indicates that microwells containing no-cells did not give any appreciable current
difference compared to background current, which suggests that the background
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signal coming from the microwell in this design is considerably low in addition to
the high sensitivity to target molecule. We also observed that no current was ob-
tained from some microwells containing cells (Figure 3.8(E)), which might be due
to two reasons; either the cells inside the microwells died during the incubation
in accordance with the cell viability results or the cells were not transfected at all
with the plasmid vector (pSEAP2-control) considering the transfection efficiency
of the LipofectamineTM 2000. In comparison to the previous method, mainly
two differences come to attention; accuracy and current difference. Regarding
the accuracy, the present method provided a higher accuracy in measuring the
transfected gene production because of the endogenous ALP of the cell in the
previous study. About the current difference, a higher current was obtained in
the previous study compared to the present study, which is due to a higher SEAP
concentration as well as endogenous ALP content in the previous study. There-
fore, it can be easily concluded that the ALP content in the previous study was
a challenge, whereas it is not in the present study. We acquired successfully the
histogram of the ratio of the distribution on the current from the single cells
(Figure 3.8(E)), which indicates that the present method can be applied for elec-
trochemical reporter gene assay. The electrochemical method can be also applied
for detection of secreted proteins such as cytokines, and the technique is useful
for several kinds of cell analyses. In this study, the microwell arrays were used for
trapping and pattering cells. By using the microwell array, the secreted products
can also be concentrated because the solution is very small. Although the size of
the microwell arrays must be adjusted for a cell viability, sensitive assay can be
accomplished by using the microengraving method.
3.4 Conclusion
In this study, we studied mammalian cell based electrochemical assay in which
transformed cells constitutively expressing SEAP were used. According to the cell
viability results, most of the cells maintained their survival in the microwells for 4
h incubation, which confirms that the size of the microwells were enough for such
experiments. Considering the scanning results, we successfully separated SEAP
enzymes and the HeLa cells form each other by using a special design, which
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involves using the special substrate covered with anti-SEAP, as well as detected
the expression of SEAP at the single-cell level successfully by using the method,
and acquired the responses corresponding the cell number. In the present study,
only the transfected gene protein SEAP was detected apart from the endogenous
ALP of HeLa cells, which increased the accuracy of the present design compared
to old design. Our system does not give any harm to the cells; therefore cells
used in our system can be used afterward for further tests. In total, with further
improvement our mammalian cell based biosensor device can be used successfully
for an electrochemical reporter gene assay and also for the detection of secreted
proteins such as cytokines, drug sensitivity tests under in vivo-like conditions and
many other applications.
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Accumulation and Detection of Secreted
Proteins from Single Cells for Reporter Gene
Assays Using a Local Redox Cycling-Based
Electrochemical (LRC-EC) Chip Device
4.1 Introduction
Here, we propose an LRC-EC device comprising 256 microwells with narrow-gap
ring-disk (generator/collector) electrodes located at the bottom that enables indi-
vidual addressing and scanning of the same number of single cells simultaneously.
The system is based on our previously proposed concept,[Ino et al., 2011b, Ino
et al., 2012a] which enables incorporation of n2 individually addressable sensor
points on a chip with 2n connection pads, and is particularly useful if the chip has
a large number of sensor points. In the present study, 32 connector/electrodes
were incorporated to fabricate a comprehensive chip device that comprised 256
multisensors at the crossing points for single cell analysis. A narrow-gap between
the ring and disk electrodes facilitates redox cycling between the two electrodes,
which increases the sensitivity and the efficiency of the device. In this study, the
concept presented in our chapter is applied to a microdevice for a high through-
put and rapid single cell analysis [Ino et al., 2011b, Ino et al., 2012a, Lin et al.,
2009b].
The main goal was to separate SEAP from single HeLa cells to eliminate the
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Figure 4.1: (A) Redox cycling between two adjacent electrodes. Current enhancement
by means of redox-cycling (BI) as compared with no redox-cycling (BII) [Iwasaki and
Morita, 1995].
effect of endogenous ALP and prevent the cells from damage during electrochem-
ical detection, which was performed at pH 9.5. For the separation process, the
bottom surface of each sensor point (microwell) was modified with anti-SEAP and
the single cells were introduced into individual microwells. After cell incubation
inside the microwells for 4 h, the cells were removed and the electrochemical de-
tection was performed at the ring-disk electrodes in the absence of the cells. Due
the nature of the chip construction, a signal amplification was achieved by means
of redox-cycling, in which case electroactive substances diffuse beetwen properly
biased two closely-spaced electrodes and undergo repeated-redox reaction (Fig-
ure 4.1(A)) resulting in current amplification (Figure 4.1(B)). The results indicate
that the information of SEAP secretion from a large number of single cells can be
successfully and simultaneously acquired within a period of 90 s using the chip.
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4.2 Material and Methods
4.2.1 Chemicals and materials
RPMI-1640 medium (Gibco Invitrogen, Japan), FBS (Gibco), HEPES (Dojindo
Laboratories, Japan), (3-glycidyloxypropyl) trimethoxysilane (GPTMS; Sigma-
Aldrich, USA), Opti-MEM I medium (Gibco), Lipofectamine 2000 (Invitrogen),
PAPP (LKT Laboratory Inc., USA), SU-8 (Microchem, USA), SU-8 developer
(Microchem), penicillin/streptomycin (Gibco), PBS(-) (Wako Pure Chemical In-
dustries, Japan), calcein-AM (Dojindo Laboratories, Japan), PI (Dojindo Lab-
oratories), PNPP (Sigma-Aldrich, USA), EscAPeTM SEAP Chemiluminescence
Detection kit (Clontech, USA) and other chemicals were purchased and used as-
received. SEAP control vector (pSEAP2-Control) was purchased from Clontech,
BD Sciences. Murine anti-SEAP antibody (anti-SEAP; Gentaur, Germany) was
diluted in a bicarbonate buffer (35 mM NaHCO3, Na2CO3, pH 9.5) to obtain a
concentration of 10 µg/mL prior to the coating process.
4.2.2 Cell culture and transfection
HeLa cells (CCL-2.2) were purchased from ATCC and cultured in RPMI-1640
medium containing 10% FBS and 50 µg/mL penicillin/streptomycin at 37 0C
under a 5% CO2 humidified atmosphere. HeLa cells were seeded into a 35 mm dish
(Falcon, USA) at a density of 3-5×105 cells in 2 mL of antibiotic-free RPMI-1640
medium containing 10% FBS and incubated at 37 0C overnight. The HeLa cells
were then transfected using the protocol for Lipofectamine 2000 and incubated
for a further 5 h in a mixture of Opti-MEM I (the liposome and plasmid vector)
and RPMI-1640 medium. The transfection medium was then replaced with fresh
culture medium (RPMI-1640, 10% FBS, 1% penicillin/streptomycin) and the cells
were incubated overnight at 37 0C.
4.2.3 Fabrication of the chip
The chip comprises 4 different layers. The steps for the fabrications are depicted
in Figure 4.2. For the first layer, Ti/Pt was sputtered on a glass slide to fabricate
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ring and disk electrodes, all column connectors and a part of the row connectors
using a lithography technique. The ring and disk electrodes were connected to the
column and row connectors, respectively. The row connectors were then insulated
using SU-8 (thickness 2 µm) for separation from the column connectors. In the
third layer, Ti/Pt was sputtered to connect row connectors. In the final step,
microwells were fabricated with SU-8 (thickness 25 µm). The device is composed
of 16 rows and 16 columns of connectors to form 256 individually addressable
multisensor points with ring-disk electrodes in microwells with 36 µm diameter.
The diameter of the disk electrode is 14 µm and the width of the ring electrode is
7 µm, with a distance between the ring and disk electrodes of 3 µm. The distance
between each sensor point from center to center is 300 µm.
Figure 4.2: The detailed fabrication scheme.
4.2.4 Electrochemical detection
SEAP from HeLa cells in the microwell array of the chip was determined electro-
chemically. Firstly, the chip was treated with oxygen plasma for 2 min to both
clean and create hydroxyl groups at the bottom of each microwell. Subsequently,
GPTMS diluted in pure ethanol (1:100) was applied and given 1 h to form epoxy
moieties at the surface of the microwells for antibody immobilization. After wash-
ing the chip twice with ethanol (99.5%), anti-SEAP antibodies (10 µg/mL in a
bicarbonate buffer, pH 9.5) were added and held for 1 h to immobilize the anti-
SEAP on the surface. The transformed HeLa cells were then introduced to the
chip at a density of 1-5 x 105 cells/mL and allowed to settle into the microwells
by gravity (5-10 min), followed by removal of excess cells using fresh RPMI-1640
medium without FBS.
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Figure 4.3: Schematic illustration of the electrochemical reporter assay using an ad-
dressable electrode array device. (A) Separation of the SEAP from transformed HeLa
cells by modifying the bottom surface of each microwell. Test conditions; open and
closed microenvironment. (B) The system setup. For a local redox cycling between the
electrodes; the potential of the ring electrode was set at +0.25 V vs. Ag/AgCl to oxidize
enzymatically produced PAP into PQI and the potential of the disk electrode was set at
−0.30 V vs. Ag/AgCl to reduce PQI back to PAP.
Two different conditions were then tested; open and closed microenvironments.
For the closed microenvironment, the microwell array was sealed with a glass slide
and turned upside down. The cells inside the microwells were incubated at 37
0C for 4 h to allow the production of SEAP (Figure 4.3(A)). The cells inside the
microwells were removed and the chip was washed twice with a HEPES-tween (10
mM HEPES, 150 mM NaCl, 4.30 mM KCl, 11.20 mM glucose, 2.30 mM MgCl2,
1 mM Na2HPO4, 0.05% Tween-20) buffer to abolish nonspecific interactions. 4.8
mM PAPP in a tris-HCl (0.50 M tris, 2 mM MgCl26H2O, pH 9.5) buffer was
then introduced to the microwells for electrochemical measurements. Oxygen
in the buffer was removed by nitrogen bubbling prior to mixing the buffer with
PAPP. A clip connector (CCNL-050-37-FRC, Yokowo, Japan) was used to con-
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nect the device to a multichannel potentiostat (HA-1010 mM4, Hokuto Denko,
Japan) through a multiplexer (NI TB-2634, National Instruments, Austin, TX).
All the instruments were controlled using a computer. Voltage control and data
acquisition was achieved using an AD/DA converter (National Instruments, USB-
6251) with a program written with LabVIEW. The ring-disk electrodes (genera-
tor/collector) were used as working electrodes for the scanning process to induce
redox cycling, and the signal was acquired from the disk electrode as a reduction
current. In addition, an Ag/AgCl electrode and Pt wire were used as reference
and counter electrodes, respectively.
In order to establish redox cycling, the applied potential for a row (generator)
connector was set at +0.25 V vs. Ag/AgCl to facilitate the oxidation of PAP
formed by SEAP into p-quinoneimine (PQI). In response, the applied potential
of a column (collector) connector was set at −0.30 V vs. Ag/AgCl to reduce PQI
back to PAP (Figure 4.3(B)). The detailed scheme for data acquisition from all
sensor points is depicted in Figure 4.4. Briefly, while a oxidation potential (+0.25
V) is applied through the first row connector (ring electrodes), a reduction po-
tential (-0.30 V) is applied through all other connectors (15 row and 16 column
connectors). Then, the reduction currents from the disk electrodes (by means of
column electrodes) are acquired to start constructing an electrochemical image.
Subsequently, the potential of the next row connector is changed to an oxidation
potential, while the potential of the first connector is changed to a redox po-
tential. Again, the reduction currents from the disk electrodes of this connector
(by means of column electrodes) are acquired one by one for the construction
of electrochemical image. The same steps are repeated for all row connectors to
obtain the complete electrochemical image. The electrochemical response from
all sensor points is acquired within 90 s.
4.2.5 Simulation
COMSOL Multiphysics 4.3 (COMSOL, Inc., USA) was used to perform a sim-
ulation to determine any cross-talk effect based on PAP. A 3D model with 4
microwells was created. The concentrations of both the bulk and initial solutions
were set at 0 mM. The flux at the bottom of the model microwell was set at
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Figure 4.4: The detailed electrochemical data aqcuisition scheme.
2×10−6 mol/m2s and the diffusion coefficient was set at 7.2×10−10 m2/s [Farrell
et al., 2004].
4.3 Results and Discussion
A microwell with dimensions of 36×25 µm (diameter×depth) and a ring-disk
electrode was fabricated at each sensor point, where the electrochemical signal
was amplified by redox cycling between the ring and disk electrodes for sensitive
and high throughput detection. The microwells with SU-8 at the sensor points
were designed to capture the signals from single cells (Figure 4.5).
Surface modification with an antibody is important to separate SEAP from
endogenous ALP in the transformed HeLa cells. The separation is also effective
to prevent the HeLa cells from being exposed to the high pH solution (pH 9.5) for
electrochemical detection, which can cause serious damages to the cells. Almost
the entire bottom area of each sensor point was covered with Pt; therefore,
the Pt surface was examined for covalent modification with antibody molecules.
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Figure 4.5: Images of the LRC-EC chip device. The device has 256 individually ad-
dressable detection points. The diameter of the disk electrode is 14 µm and the width of
the ring electrode is 7 µm. The distance between the disk and ring electrodes is 3 µm.
Firstly, a small glass slide covered with Pt was cleaned using ultrasonication and
treated with oxygen plasma (100 W) for 2 min to create hydroxyl groups on the
surface [Ohlberg et al., 2005]. After this treatment, GPTMS was introduced to
obtain epoxy rings for antibody immobilization [Ino et al., 2011a]. Subsequently,
different conditions were checked, the details of which are given in Figure 4.6
along with the results. The results indicated that the surface was successfully
modified with the antibodies using the specified procedure. The epoxy group on
the surface also reacted with ALP (Figure 4.6(C)) and other proteins such as
bovine serum albumin (BSA). However, almost no reactive epoxy group seemed
to remain on the surface after antibody immobilization, because treatment of the
antibody-immobilized surface with BSA did not influence the final ALP activity.
This indicates that the activity was caused by the ALP molecules captured by
the antibodies on the surface, not by the ALP covalently-immobilized via epoxy
groups. It is most likely because of the fact that the antibody immobilization
was conducted using a solution with a high antibody concentration, and therefore
almost all the reactive epoxy groups were fully linked to antibody molecules. In
addition to the Pt surface, the glass surface was also modified by the same method
[Love et al., 2006]. By taking these results into consideration, the same process
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Figure 4.6: The modification of platinum surface with antibody. (A) The detailed
modification process. (B) An illustration of the antibody modification on the Pt surface.
(C) Four different conditions were tested using an optical method and the results were
shown.
The basic electrochemical characteristics of the chip were investigated. Cyclic
voltammetry (CV) was performed using a 0.1 M KCl/phosphate buffer solution
containing 0.50 mM ferrocenemethanol (FMA). The potential of each electrode
was simultaneously scanned from 0.00 to 0.60 V at 200 mV/s. Figure 4.7(A) shows
a typical response obtained from a column (disk) and a row (ring) connector.
The current obtained from the row (ring) connector was higher than that of
the column (disk) connector, because the ring electrode has a larger area than
the disk electrode. In addition, the ring electrode was placed outside the disk
electrode, which provides a better flux onto the electrode surface and enables a
higher current to be obtained. The amplification and collection efficiencies were
calculated from single/dual mode experiments using a tris-HCl buffer solution
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containing 0.50 mM PAP (pH 9.5). In single mode, the potential of all row (ring,
generator) and column (disk, collector) connectors was stepped from -0.30 to
+0.30 V to oxidize PAP to PQI, and the currents from connectors of only one
row and one column were recorded. In contrast, in dual mode, the potential of
one row connector was stepped from -0.30 to +0.30 V, while the potential of the
other electrodes were kept at -0.30 V to induce redox cycling by allowing the
disk electrodes to reduce PQI back to PAP. The currents from connectors of only
one row (potential: -0.30 to +0.30 V) and one column (potential: -0.30V) were
recorded to acquire the electrochemical signals from only 1 sensor at the column
electrode. The redox cycling-based electrochemical signals were acquired from
1 sensor at the column electrode, while the redox cycling-based electrochemical
signals were acquired from 16 sensors at the row electrode. These schemes for
evaluating the LRC-EC chip device were described in Figure 4.4. Since the quasi-
steady state was reached 120 s after stepping the potential in single mode, the
volume of the solution on the LRC-EC chip device was enough to obtain the
quasi-steady state currents in single mode (Figure 4.7(B)). Figure 4.7(B) shows
that the signal was successfully amplified by approximately 3.1 times. Using the
same data, the collection efficiency, i.e., the ratio of the reduction current at
the collector (disk) to the oxidation current at the generator electrode (ring) at
steady-state, was also determined to be 64%.
In dual mode (Figure 4.7(B)), the potential of all the column and 15 row con-
nectors were set at -0.30 V, whereas the potential of an arbitrary row connector
was set at +0.30 V. The redox cycling of PAP and PQI occurred only at crossing
points on the arbitrary row connector, whereas redox cycling did not proceed at
the remaining crossing points. Therefore, while the oxidation currents shown on
the current vs. time (i-t) graphs belong to 16 ring electrodes on an arbitrary
row connector, the reduction currents belong to only a single disk electrode on
an arbitrary column connector. Hence, for the calculation of collection efficiency,
the oxidation currents were divided by 16 to make the oxidation and reduction
currents comparable. Subsequently, a calibration curve was obtained based on
the average currents using i-t results from different disk electrodes. The reduc-
tion currents at individual sensor points were proportional to the concentration
of PAP, as shown in Figure 4.7(C). The detection limit of PAP was found to be
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Figure 4.7: Characterization of the LRC-EC chip device. (A) Cyclic voltammograms of
row and column connectors in 0.5 mM FMA (scan rate = 200 mV/s). (B) Amperograms
of 0 and 0.5 mM PAP (single and dual mode) (C) Dependence of the electrochemical
signal on the PAP (calibration curve) concentration (0-0.50 mM). Each data point
represents the meanstandard deviation of 3 different experiments.
less 5 µM. The calibration curve also enables the system to be used quantita-
tively. The electrochemical estimation of the ALP activity with the enzymatic
substrate (PAP) is well established and defined; therefore, the activity of SEAP
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immobilized on the surface can be calculated using the calibration curve.
The electrochemical responses at three different electrodes (bare, antibody mod-
ified and antibody modified with captured ALP) were investigated using CV to
clarify the influence of surface modification on the sensitivity of the electrochem-
ical responses. The potential of each electrode was simultaneously scanned from
Figure 4.8: Cyclic voltammograms showing the effect of modification on electrode sensi-
tivity. Three different conditions tested; bare electrode, antibody modified electrode and
antibody + ALP modified electrode (scan rate = 100 mV/s).
-0.40 to 0.60 V at 100 mV/s in a solution (pH 9.5) containing 0.5 mM PAP.
Although the two modified electrodes exhibit slightly lower electrochemical re-
sponses, modification of the antibody and subsequent capture of ALP does not
significantly change the sensitivity (Figure 4.8). The electrochemical response
induced by SEAP secreted from pSEAP2 transfected HeLa cells was investigated
using the LRC-EC chip device. After cell transfection, the transformed cells were
collected and applied to the antibody-immobilized chip at a density of 1-5×105
cells/mL. Figure 4.9(A) shows optical images of the chip with the trapped cells.
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The size of microwell was small, so that seeding cells at low density facilitated
the trapping of a large number of single cells inside the microwells. During the
seeding of the cells, a FBS-free medium was used, because FBS contains trace
ALP, which could affect the results. After cell capture, the cells inside the chip
were incubated for 4 h at 37 0C without sealing. The cells were subsequently re-
moved and electrochemical measurements were performed. SEAP secreted from
the cells was captured by the antibody molecules immobilized on the microw-
ell bottom surface and catalyzed the hydrolysis of PAPP into PAP, which was
electrochemically detected with the chip. During the measurements, the ring
electrode (generator) was set at +0.25 V and the disk electrode (collector) was
set at -0.30 V vs. Ag/AgCl to detect localized redox cycling between PAP and
PQI. Data from the reduction currents at the disk electrode was acquired and
displayed to construct an electrochemical image (Figure 4.9). PAP was degraded
in the presence of the oxygen; therefore, oxygen present in the PAPP solution was
removed by nitrogen bubbling, which also increased the sensitivity of the mea-
surement somehow. The removal of oxygen also prevented undesirable electro-
chemical response due to oxygen reduction. A histogram based on the reduction
currents from the detection points is shown in Figure 4.9(A). SEAP was suc-
cessfully separated from the transformed HeLa cells and detected. The average
current obtained from single cells and microwells with no cells were 75.3±52.2 (n
= 116) and 36.8±25.8 pA (n = 124), respectively. Measurements with a double
staining kit containing Calcein-AM and PI indicated that approximately 95% of
the cells in the microwells were alive after 4 h incubation. However, incubation in
the microwells open to the culture medium may decrease the efficiency of SEAP
captured at the antibody immobilized surface. Thus, culture in microwells closed
with a glass slide was also conducted to confine SEAP in the microwell. The
average current obtained from the single cells and microwells with no cells were
134.4±117.3 (n = 37) and 33.4±24 pA (n = 26), respectively (Figure 4.9(B)).
However, the survival ratio in the closed environment decreased to approximately
60%, although the electrochemical responses were slightly better than those for
the open environment. A large deviation of the electrochemical response indicates
that the ability for the production of SEAP differs among the cells. The immo-
bilization of anti-SEAP increased the amount of SEAP on the surface and led
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to a higher electrochemical response that obtained in previous studies [Murata
et al., 2009, Lin et al., 2009b]. The two open and closed microenvironments have
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Figure 4.9: Electrochemical images of the single transformed HeLa cell reduction cur-
rent response. The electrochemical response in (A) open and (B) closed microenvi-
ronments. A histogram of the current response distribution of the cells for respective
microenvironments.
their own advantages and disadvantages. In the open microenvironment, cells
can be easily retrieved after incubation using a capillary (Figure 4.10), whereas
in the closed microenvironment, the cells may be flushed out while removing the
covering glass slide. In addition, cell viability is higher in the open microenviron-
ment. Therefore, if further investigation of the cells is required, then culture in
the open microenvironment is suitable. SEAP was concentrated on the electrode
surface in the closed microenvironment, which benefits the detection efficiency.
The closed environment also prevents the influence of cross-talk by the diffusion
of SEAP to other microwells. In the open microenvironment, some microwells
with no cells exhibited slightly higher responses (see histograms in Figure 4.9).
50
LRC-EC for Single Cell Analysis
This phenomenon suggests that SEAP diffuses into the empty microwells to cause
current responses.
Figure 4.10: Images showing cell retrieval in the open microenvironment using a cap-
illary.
The undesired cross-talk effect is also expected during the electrochemical
measurement period. The measurement was conducted in an open environment,
so that PAP, a product of the SEAP-catalyzed reaction, may also diffuse into
other microwells and give undesired responses. Therefore, a 3D simulation was
conducted to clarify the cross-talk effect due to PAP diffusion (Figure 4.11). The
simulation results indicate that this effect was eliminated in the present chip. In
the simulation, the concentrations of two central points at the bottom of two
microwells were compared (Figure 4.11(A)). To obtain a better estimation, two
microwells were used; PAP was assumed to be produced in only one microwell
at a flux rate of 2×10−6 mol/m2s, which was higher than that under the typical
conditions employed. The results shown in Figure 4.11 indicate that the influence
of PAP cross-talk is negligible. Compared to the previous study (Chaper 3), the
present results show clear responses without cross-talk caused by undesired diffu-
sion, due to the rapid measurement time, which reduces the diffusional influence.
In addition, the presence of the microwells slows down the diffusion of PAP.
In this study, the surface on the LRC-EC chip device was modified with the
anti-SEAP and washed after the cell culture. Therefore, the electrochemical
signals were derived from only the immobilized SEAP. In addition to the current
use, the LRC-EC chip device without modifying antibodies can also be applied
for detection of redox components that cells release, such as nerotransmitters,
which is useful for a cell screening for neurological diseases [Doi et al., 2012].
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Figure 4.11: Simulation results for PAP based cross-talk. (A) The change in the PAP
concentration for two central points at the bottoms of microwells with and without SEAP
and (B) an image obtained after 300 s simulation.
4.4 Conclusion
The electrochemical detection of SEAP secreted from single transformed HeLa
cells was investigated using a chip comprising 256 microwells of individually ad-
dressable sensor points that were modified with anti-SEAP. SEAP was success-
fully separated and analyzed using the chip, without the influence of endogenous
ALP in the cell membranes, and cell damage due to the electrochemical detection
conditions was also avoided. Cell culture was conducted in both open and closed
microenvironments. The culture in open microenvironment exhibited high cell
viability and facilitated cell retrieval. The LRC-EC chip device has broad po-
tential for single cell analysis applications. For instance, since SEAP is a widely
used reporter gene, the chip can be used for the detection of other proteins for
the purpose of single cell gene expression analysis. The use of this lab-on-a-chip
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also enables the detection of naturally secreted proteins at the single cell level
using ALP-labeled secondary antibodies.
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LSI-based Amperometric Sensor for Real-Time
Monitoring of Embryoid Bodies (EBs)
5.1 Introduction
ES cells have the capacity for long term cell renewal and differentiate into a vari-
ety of cell lineages like neuron [Abranches et al., 2009] and cardiomyocytes [Park
et al., 2007, Choi et al., 2010]. Due to these features, ES cells have received a
great deal of interest from the researchers studying tissue replacement and regen-
erative medicine [Rippon and Bishop, 2004]. The differentiation of ES cells into
specific cell lineages is strictly controlled with differential changes in gene expres-
sion, which is mediated by the three-germ layers [Hwang et al., 2009]. When ES
cells are cultured under appropriate conditions, they tend to form EBs, which is
a 3D cell aggregate that generally enables differentiation of ES cells [Khoo et al.,
2005] (Figure 5.1). A significant progress has been made for optimizing the differ-
entiation of the ES cells into some specific lineages by empirical investigation of
manipulation. To elucidate the events that lead to undifferentiated self-renewal
and differentiation of ES cells, some biomarkers such as ALP are used. Previous
studies show that even after months of culturing undifferentiated ES cells ex-
pressed a high level of ALP [Pease et al., 1990], which can be detected by means
of both optical [Ivanova et al., 2006] and electrochemical methods [Obregon et al.,
2012]. Up to now, a number of cell microarrays were developed for the purpose of
bioimaging and analysis of the cells [Ino et al., 2012a, Ino et al., 2008, Tuleuova
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Figure 5.1: EB formation and ES cell differentiation.
et al., 2010]. Even though optical method is the mostly used technique for analysis
part [Li et al., 2010], it has some disadvantages like fluctuation due to quenching
or emission from non-target molecules, shielding by turbid solutions and the need
for a label that might have a toxic effect on the cells. As an alternative, electro-
chemical method has been proposed. The electrochemical method is amenable
to the miniaturization process and provides a number of advantages like rapidity,
simplicity and sensitivity. However, conventional electrochemical method is infe-
rior to the optical method in terms of imaging or comprehensive measurements
of biomaterials, several electrochemical measurement systems have recently been
developed to realize multipoint measurements and bioimaging. The most com-
monly used tool for bio-imaging is SECM [Murata et al., 2009], which measures
local electrochemical behavior through scanning and may suffer from temporal
resolution. For a higher temporal resolution to detect electrochemical reactions at
different locations, we previously reported two new different types of bio-chips;
LRC-EC chip device [Ino et al., 2012a, Ino et al., 2012b] and Bio-LSI [Inoue
et al., 2012]. By using the LRC-EC system, 1024 electrochemical sensors were
successfully incorporated with a pitch of 200 µm using only 64 connecting pads
[Ino et al., 2011b]. ALP activity of EBs were also successfully detected using
the LRC-EC chip device [Ino et al., 2012a, Ino et al., 2012b]. Bio-LSI has been
developed based on a technology of complementary metal-oxide-semiconductor
(CMOS) for a higher temporal resolution to detect electrochemical reactions at
different locations [Inoue et al., 2012]. Basically, the chip comprises 400 sensors
with a pitch of 250 µm. The diameter of each sensor point is 50 µm and the de-
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tection area has a size of 10.4 × 10.4 mm. The Bio-LSI chip has a dynamic range
from 1 pA and 100 nA with very low electronic noises [Inoue et al., 2012], com-
pared to other CMOS-based sensor array platform [Rothe et al., 2011, Kruppa
et al., 2010]. Since the Bio-LSI chip realizes an electrochemical image consisting
of 400 sensors that can be acquired within 200 msec, real-time monitoring can be
achieved for detection of biosamples, such as proteins, DNA and cells. A real-time
monitoring of an enzymatic reaction was successfully detected using the Bio-LSI
chip [Inoue et al., 2012].
In the present study, the the ALP activity of the EBs with different sizes was de-
tected for evaluating their differentiation levels from the amperometric responses
of the Bio-LSI chip. The ALP activities of the EBs with various sizes were suc-
cessfully and simultaneously obtained using the Bio-LSI chip within 200 msec
including the data processing. In addition, we also performed a real time mea-
surement for up to 3.5 h to monitor the EB behavior under different conditions.
To our knowledge, this is the first study reporting the long multipoint electro-
chemical based real-time monitoring for cell analysis.
5.2 Materials and Methods
5.2.1 Cell culture
Strain 129/SvEv, passage 11 that was purchased from DS Pharma Biomedi-
cal. Co., Ltd. and were cultured using Stem Medium (DS Pharma Biomedical
Co., Ltd.) with 1000 U/mL of mouse leukemia inhibitory factor (LIF) and 1
mM -mercaptoethanol to maintain the undifferentiated state. The medium was
changed every day and the ES cells were passaged every 3 days. The ESs were
detached using Accutase solution (Millipore, USA) by means of incubation at 37
0C for 5 min. The cell solution was then transferred to a centrifuge tube and cen-
trifuged for 3 min at 100g. The suspension was discarded and the cell suspension
was reconstituted using fresh medium.
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5.2.2 EB formation
Hanging drop method was adopted to form EBs through cell aggregation [Lee
et al., 2011, Tripathi et al., 2011, Tung et al., 2011]. After detachment of the
ESs using Accutase solution (Millipore, USA), the cells were placed in a 35 mm
diameter dish as droplets of 20 µl containing either 1000 or 2000 cells/ml to obtain
EBs having a diameter between 200 and 500 µm. After 3 days of incubation at 37
0C in a humidified atmosphere of 5% CO2 and 95% air and 5% CO2, single EBs
were formed inside the droplets later to be used for electrochemical detection of
ALP activity.
5.2.3 Chip fabrication
The LSI chip was designed by Toppan Technical Design Center Co., Ltd. (Japan)
and implemented in Semiconductor Manufacturing International Corporation
(SMIC, China) on an 8-inch wafer. The wafer with open contact wholes de-
livered by the foundry was diced into 25 × 25 mm squares to obtain more than
32 dies (10 × 10 mm2) for Bio-LSI fabrication. The cross-sectional scheme of
Bio-LSI fabrication is given in Figure 5.2 and the detailed process of LSI fabrica-
tion is given as follows.
1. The cross section of an LSI chip that is fabricated with more than 10 masks.
2. Opening of the contact hole by etching to expose the aluminium pad for unit
fabrication.
3. Spin-coating of LOR (LOR 15A, MicroChem Corp., USA) and OFPR layers
(OFPR-800LB-200cp, Tokyo Ohka Kogyo Co., Ltd., Japan); prior to spin-coat
the chip surface with the given photoresist, the chip was cleaned using ultrasonic
for 15 sec with the solutions in the given order; mili-Q water, acetone, isopropanol
and the process was repeated for each solution type twice. Subsequently, LOR
15A was spin-coated at 3000 rpm for 20 sec and then the spin-coated chip was
baked at 145 0C for 5 min. Afterward, the chip was spin-coated with another
photoresist (OFPR 200 cp) at 3000 rpm for 20 sec and the chip was baked at 110
0C for 3 min. Next, the baked chip was brought to room temperature.
4. Patterning of the LOR and OFPR layers; the cooled chip was patterned with
UV aligner using the Chromium mask having the desired pattern. After the UV
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exposure (30 sec), the chip was developed with NMD-3 for 8 min. Subsequently,
the under etching of the LOR layer was confirmed. The chip was then baked at
145 0C for 30 min.
1. Cross sectional sketch of a LSI chip  
LSI 
2. Opening the contact hole 
by etching 
SiN (0.7 um) SiO2 (1.1 um) 
Al (1.0 um) 
3. Spin-coating of LOR and OFPR layers. 
LSI SiN (0.7 um) 







Conform the under 
etch of the LOR layer 
4. Patterning of the LOR and OFPR layers 
5. Patterning of Ti, Pt and Au 
layers by lift-off process 
Ti (15nm), Pt (35nm), 
Au (600 nm) 
6. Patterning of SU-8 to define the electrode 
area to a solution 
SU-8  
(~4 um) 
Figure 5.2: The steps of LSI chip processing
5. Patterning of Ti, Pt and Au layers by lift-off process; each die was sputter-
deposited first with Ti (1 min - 15 nm) and then Pt (1 min - 35 nm) and lastly Au
(10 min) with a thickness of 600 nm (L-332S-FH, Avelva Corp., Japan) using a
positive photoresist. Afterward, the chip was immersed into acetone solution and
kept inside it for overnight. The next day, if necessary, the chip was treated with
ultrasonic to clarify the patterned area. Subsequently, the chips were immersed
into 502A stripper (Tokyo Ohka Kogyo Co., Ltd., Japan) at 120 0C for 1-2 hours,
after which the chips were washed by immersing into subsequent solutions; rinse
solution, isopropanol and distilled water. Finally, the chips were dried before
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pursuing the next step
6. Patterning of SU-8 to define the electrode area; an insulator layer with a thick-
ness of 5 µm was fabricated using a negative photoresist (SU-8 3005, MicroChem
Corp., USA) to define the electrode area. Prior to the photolithography, the
chip was treated with oxygen plasma for 1 min. Next, the chip was spin-coated
with OAP (primer) at 3000 rpm for 20 sec and then baked at 110 0C for 90 sec.
Subsequently, the chip was spin-coated with SU-8 3005 at 3000 rpm for 20 sec
and baked as follows; 65 0C for 1 min, 95 0C for 5 min. Afterward, the temper-
ature of the chip was brought to room temperature by first cooling the chip at
65 0C for 3 min and then placing it on a bench top for room temperature. After
the cooling process, the chip was patterned with UV aligner using the chromium
mask having the desired pattern. After the UV exposure (250 counts), the chip
was post-baked in the given order; 65 0C for 1 min, 95 0C for 5 min and brought
to the room temperature as described above. Next, the chip was developed with
SU-8 developer for 4 min and washed in isopropanol. Subsequently, the chip was
hard-baked at 180 0C for 30 min.
7. Dicing for mounting onto a ceramic jig; after lithography processing, each die
was diced into a 10.4 mm2 using a dicer machine to have clear edges for mounting
and wire ponding.
8. Mounting the LSI chip onto the ceramic jig; the chip was fixed onto the Au-
wire patterned ceramic substrate (1.0 mm thickness, 632.0 mm width, 646.0 mm
length) using a silver paste. First, a small amount of Ag past was placed under
the chip, and then the chip was mounted on the ceramic jig. To complete the
fixation, the chip was baked at 180 0C for 30 min.
9. Wire bonding; as the last step of LSI chip processing, the I/O pads of the LSI
and the Au wires on the substrate were electrically connected using gold bonding
wires, and a well for the sample solution was fabricated on the chip using PDMS.
5.2.4 Bio-LSI system components
As it can be easy seen in the Figure 5.3, the system comprises an LSI chip
mounted on a ceramic substrate, a counter and referece electrode, a control unit
(NI PXI-1031, NI PXI-8106, and NI PXI-6255, National Instruments Corpora-
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tion, TX, USA), an external circuit box, a DC power box source and a PC
monitor along with a keyboard. In order to select a read-out column, control
Figure 5.3: The components of the Bio-LSI system [Inoue et al., 2012]. (A) Cross-
section of a unit cell. (B) Microgram of unit cells; a represents the location of Al pad
under Au and b represents the sensing poit. (C) An image of Bio-LSI chip. (D) An
image of the Bio-LSI chip placed onto a ceramic substrate. (E) The experimental setting
of the Bio-LSI chip unit, reference electrode and counter electrode. (F) Complete view
of the Bio-LSI system.
signals are sent to a digital signal controller placed in the LSI through the digital
output channels of the PXI. Figure 5.4 shows the schematic diagram of a Bio-LSI
circuit. An operation amplifier along with a swithed capacitor I-V converter is
placed under each unit cell and this helps to reduce the noise pickup within the
wire before signal amplification as well as providing high resolution [Inoue et al.,
2012]. The switched capacitor I-V converter helps to realize a highly sensitive
and wide-ranging current detection (1 pA-100 pA). The power supply and sig-
nal acqusition are realized by 40 pins. The potential between the working and
reference electrodes is controlled by an input potential to the reference elcetrode
while the working electrode is grounded, which enables control of each sensor
point’s potential with a simplified circuit. The signal readout is controlled via a
column decoder, which simply switches the readout column. In order to construct
a complete electrochemical image, the signals from all sensor units on the same
column are acquired paralelly. Details of the work-flow and data read-out control
system along with the software for the system control and data processing were
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given elsewhere [Inoue et al., 2012].
Figure 5.4: Circuit diagram of the Bio-LSI [Inoue et al., 2012].
5.2.5 Electrochemical detection
The performance of the Bio-LSI chip was investigated with respect to the response
of PAP oxidation. Briefly, Ag/AgCl and Pt electrodes were used as reference
and counter electrodes, respectively, and chronoamperometry was performed by
stepping the voltage from -0.30 to +0.30 V vs. Ag/AgCl to oxidize PAP. For
evaluating ALP activity of EBs, Tris-HCl (pH 9.5) buffer solution containing 4.7
mM PAPP was introduced into the Bio-LSI chip. The EBs were then placed
onto the detection area using a capillary tube. Ag/AgCl and Pt electrodes
were used as reference and counter electrodes, respectively. Chronoamperometry
was performed by stepping the voltage from -0.30 to +0.30 V vs. Ag/AgCl to
oxidize PAP, a product of the ALP-catalyzed hydrolysis of PAPP on the EB
surface, into PQI (Figure 5.5) [Obregon et al., 2012]. Potential stepping and data
acquisition were conducted using a Bio-LSI control system [Inoue et al., 2012].
After electrochemical detection, the EBs were collected for further analysis.
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Figure 5.5: Bio-LSI for evaluation of EBs. (A) Detection scheme. The potential of the
individual electrodes was set at +0.30 V to oxidize enzymatically produced PAP into
PQI. (B) Images of the Bio-LSI chip. The Bio-LSI chip consisted of 400 electrochemical
sensors. The surface of the LSI was modified by Au, and insulated by SU-8 3005 to
prepare the Au disk microelectrodes (diameter, 50 µm). The pitch is 250 µm.
5.2.6 ATP content analysis
The ATP content of the EBs right after the electrochemical detection was deter-
mined by using an ATPlite kit to correlate the ALP activity and the ATP content.
After the electrochemical detection, the EBs at different sizes were lyzed using
mammalian cell lysis solution to reveal the ATP content, which is hydrolyzed into
AMP by the luciferase that catalyzed a reaction at the end of which a light was
emitted to be measured using a chemiluminescence method.
5.2.7 Real-time monitoring
An aliquot (3 ml) of the glucose and glucose free HEPES solutions (150 mM
NaCl, 4.2 mM KCl, 11.2 mM glucose, 10 mM HEPES, 2 mM MgCl2) at pH
7.0. Before the measurements, a buffer solution containing 4.7 mM PAPP was
introduced into the Bio-LSI chip, followed by placing small and large EBs onto
the Bio-LSI chip. After stabilization for 40 s at -0.30 V, the input potential
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was set stepped from to +0.30 to oxidize PAP and the potential was kept at
+0.30 V throughout the monitoring process. In the real-time monitoring, the
electrochemical images consisting of 400 points were acquired every 4 s to avoid
the excessive data storage. The real time monitoring was continued for 3.5 h.
5.3 Results
5.3.1 Characterization of the chip
The performance of the Bio-LSI chip was investigated from the responses of
the oxidation of PAP, a product of ALP-catalyzed reaction, at pH 9.5 (Figure
5.5 (A)). The Bio-LSI chip contained 400 electrochemical sensors of Au disk
microelectrodes (diameter, 50 µm) (Figure 5.5(B)), and Ag/AgCl and Pt counter
electrodes were used for electrochemical detection (Figure 5.6).
Figure 5.6: Image of the Bio-LSI chip with Ag/AgCl reference and Pt counter electrodes.
When the potential of sensor points was stepped from -0.30 V to +0.30 V, the
individual points indicated typical i-t curves, depending on the concentration of
PAP (Figure 5.7(A)). Figure 5.7(B) shows the relationship between the responses
at 90 s from the potential step and the concentration in the rage of 10 µM to
400 µM. Since individual points show slightly different electrochemical behavior
mainly due to difference in active electrode area, the deviation at high concen-
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tration range became large. The detection limit for the chip device was found to
be less than 10 µM, ensuring the applicability of the chip device for cell analysis








































Figure 5.7: Amperograms of respective PAP concentration levels. The measurements
were carried out at +0.30 V. (B) Dependence of the electrochemical signals on the PAP
concentration.
5.3.2 EB formation
Hanging droplets (1000 cells/drop, 2000 cells/drop) were incubated for 3 days to
fabricate small and large EBs. The diameters of the small and large EBs were
approximately 300 and 430 µm, respectively. The small and large EBs were used
for detecting the ALP activity and the ATP content of these EBs.
5.3.3 The pH effect on cell viability
High pH values have been found necessary for the optimum activity of ALP,
which shows its highest activity around pH 10.5. A high pH solution might have
some negative effects on cells. Therefore, we investigated the effect of pH on
cell viability after short-term exposure. The large EBs were exposed to buffer
solutions at different pHs (7.0, 8.0 and 9.5) for 10 min. Subsequently, EBs were
collected and seeded into gelatin coated dishes containing medium with FBS.
After the incubation, the cells spread, which suggests that exposure of EBs to pH
9.5 solutions for 10 min might not have a significant effect on cell adhesion (Figure
5.8). Considering the results, the electrochemical detection was conducted in the
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pH 9.5 Tris-HCl buffer solution which ensured relatively high activity of ALP on
EBs. Additionally, since the whole detection process took less than 5 min, it is
highly likely that the influence of moderately high pH during the electrochemical
detection process was minimized.
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Figure 5.8: Effects of pH on the cell viability. The large EBs were exposed to the Tris-
HCl buffer at various pHs (7, 8 and 9.5) for 10 min. The EBs were then cultured on
the gelatin-coated dishes for 3 days, and their morphologies were observed.
5.3.4 Electrochemical imaging based on ALP activity
The electrochemical response induced by ALP on the EB surface was investigated
using the Bio-LSI chip filled with Tris-HCl (pH 9.5) buffer solution containing
4.7 mM PAPP. The ALP of the EBs hydrolyzed PAPP into PAP, which can be
electrochemically detected at the sensor points of the device held at +0.30 V.
The location of EBs was corresponded to the area of large oxidation currents in
the electrochemical images (Figure 5.9). We continuously monitored the change
in the responses at all the sensor points and acquired the responses of oxidation
current 40 s after potential step. The ALP activity of the 50 EBs at different sizes
were detected and the results were plotted as current (nA) vs. EB surface area.
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The current/surface area obtained from the small EBs was 33.95±6.83 nA/mm2
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Figure 5.9: Electrochemical imaging of the EBs. The ALP activity of 3d old small (A)
and large (B) EBs was electrochemically detected on the Bio-LSI. Optical images (AI
and BI) and electrochemical images (AII and BII) of these EBs. The currents from
the small EBs (n=26, blue circle) and the large EBs (n=24, red circle) were acquired,
and the diameters of these EBs were measured.
5.3.5 Cardiac cell differentiation and ATP content analy-
sis
After the electrochemical detection, the EBs were collected using a capillary
and seeded into gelatin-coated dishes for the furtherer 4-day culture to clarify
the relationship between their differentiation level and ALP activity. After the
culture, the beating activity of the EBs were checked using an optical microscopy.
For the cardiac cell differentiation, 33 EBs at different sizes were analyzed and
the data was plotted as diameter of EBs vs. current/area. None of the small EBs
(n=19) show beating activity (Figure 5.10(A)), whereas 50 % of the large EBs
(n=14) show beating activity. The ATP content of EBs after the electrochemical
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Figure 5.10: Cardiac cell differentiation and ATP content analysis. (A) The currents
from the small EBs (n=33, blue circle) and the large EBs (n=14, red circle) were
acquired, and the diameters of these EBs were measured. After the electrochemical
detection, these EBs were cultured on the gelatin-coated dishes for 4 days, and the EB
beating was checked. Filled red circles indicate that EBs beat spontaneously. (B) The
ATP content of the small EBs (n = 8, blue circle) and the large EBs (n=9, red circle)
were measured using an ATP luminescence assay after the electrochemical detection of
their ALP activity. The data were plotted into a scatter plot (BI), and a bar graph
(BII) *P<0.05.
detection was determined by using an ATPlite kit to correlate the ALP activity
and the ATP content. Figure 5.10(BI) shows the plot for ATP luminescence /
volume of EBs vs. current / surface area of EBs. The normalized ATP content
tended to decrease with the normalized ALP activity. The normalized ATP
content for the small EBs was low compared to that for the larger EBs (Figure
5.10 (BII)).
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5.3.6 Real-time monitoring
The responses of the small and large EBs were electrochemically monitored for
almost 3.5 h in glucose or glucose free HEPES buffer solutions (pH 7.0) (Figure
5.11). The oxidation currents were almost steady for the first 1.5 h in all cases.
However, the current started to drop after 2 h in glucose (-) media, whereas the
current in glucose (+) media started rising gradually after 1.5 h. Since the pH
was lower in real-time monitoring (pH 7.0), the activity of ALP was low compared
to that obtained in the presence of Tris-HCl (pH 9.5) considering the high pH
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Figure 5.11: Real-time monitoring of the ALP activity of EBs in HEPES buffer (pH
7) with 11.2 mM glucose (A) and without glucose (B). The small and large EBs were
formed by hanging drop culture (AI and BI), and were introduced onto the Bio-LSI
chip (AII and BII). (AIII and BIII) Electrochemical imagess of these EBs at various
times (0.5, 2, 3 and 3.5 h). (C) Electrochemical responses obtained from individual
EBs every 4 s in the presence (+) and absence (-) of glucose.
69
Bio-LSI for Embryoid Body evaluation
5.4 Discussion
The Bio-LSI chip shows reliable electrochemical performance to detect PAP at
multiple sensor points at a low concentration level (less than 10 µM). Since ALP
catalyzes the hydrolysis of PAPP to yield PAP, the ALP activities of multiple
EBs can be simultaneously and continuously monitored by using the Bio-LSI
chip. Since the substrate, PAPP, may not penetrate through inside of the EBs,
the electrochemical might responses reflect the ALP of the cells near the EB
surfaces. Electrochemical responses obtained from EBs were dependent on their
sizes and, therefore, the surface areas of the EBs were taken into account for
the analysis. Figure 5.9(C) shows that the current response does not increase
proportional to the EB surface area, which indicates that the surface density of
ALP was low for the large EBs compared with that of the small EBs. ALP is a
commonly used undifferentiation marker of stem cells and decrease in the ALP
content is an indicator for differentiation [Lee et al., 2009, Guo et al., 2010]. The
above finding suggests that the cells in larger EBs show a higher differentiation
level under the present conditions. There is also a clear difference between the
EBs formed with different initial cell number. The ALP density was low in the
large EBs, compared to that small EBs. The initial cell number seems to play a
crucial role in differentiation of EBs. After the ALP activity measurements for
EBs, differentiation of the same EBs was monitored with an optical microscope.
When the EBs were cultured in normal medium enriched with FBS, they likely
differentiate into a variety of cell types including cardiac cells [Wei et al., 2012].
It should be noted here that none of the small EBs show any sign of cardiac cell
differentiation, whereas half of the large EBs show beating activity after 4 days of
incubation (Figure 5.10(A)). This result accords well with the previous findings
[Rippon and Bishop, 2004, Khoo et al., 2005]. The difference in differentiation
activity might be caused by a number of factors including the effects of inductive
endoderm layer, induction of cytokines and oxygen gradient layer formed inside
the EBs. Since the large EBs have a larger endoderm layer that has a signifi-
cant role in induction of cardiac cell differentiation, the large EBs are expected
to show a higher cardiac cell differentiation than the small EBs [Khoo et al.,
2005]. In addition, the diffusion of cytokines and oxygen into larger EBs generate
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a surrounding atmosphere that benefits cardiac cell differentiation [Park et al.,
2007, Van Winkle et al., 2012]. Figure 5.10(A) also indicates the ALP activity
decreases clearly along with the diameter increase. This result also supports high
differentiation level in the large EBs since the ALP activity decreases as the dif-
ferentiation proceeds [Berrill et al., 2004]. ATP content is also correlated with
differentiation level. The ATP content analysis show that the ATP density of
the EBs decreased along with the increase in the ALP activity, which in turn
indicated that the ATP content density was small in the small EBs. Although
ATP content of cells varies from one cell type to another even in the same culture
conditions, the large EBs showed the higher ATP density than the small ones
(Figure 5.10(B)), suggesting the high ATP density in a differentiating cardiac
cell. It is known that ES cells have a limited amount of mitochondria and during
the course of differentiation the amount of the mitochondria increases to produce
high level of ATP for differentiation [Guo et al., 2010]; therefore higher level of
ATP in larger EBs also verifies the higher differentiation potential of the cells in
these EBs. The ALP activity of the EBs was monitored for almost 3.5 h with
or without glucose. We used a lower pH (pH 7.0) to reduce the side effect of pH
on the activity of ALP during the long culture. The currents obtained at pH 7.0
were enough to evaluate the long-term activity of ALP. For real-time monitoring,
the small and large EBs were used. When these EBs were monitored in glucose
(-) HEPES, the activity of ALP started to drop 2.0 h after the measurement,
whereas the activity of ALP in glucose (+) HEPES increased. The decrease in
ALP activity in glucose (-) might be due to initial apoptosis. Since the first mor-
phological sign of apoptosis is retraction of the cell, in which case the cytoplasm
and plasma membrane of the cell starts to convolve [Andrade et al., 2010], initial
apoptosis is expected to change the ALP profile on plasma membrane and hereby
the ALP activity results since the method measures the activity of ALP on the
cell membrane. Glucose deprivation is known to induce apoptosis. The increase
in the ALP activity in glucose (+) condition might be caused by several reasons
such as PAP accumulation nearby the EBs over time or a temperature increase on
the detection area due to chip functioning, which is known to affect the activity
of ALP in a positive manner [Copeland et al., 1985].
Although there has been some reports on real-time continuous electrochemical
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monitoring using single electrode over 3 h [Yu et al., 2006], there has been no
report on amperometric devices with over multiple detection points (over 400
points) for cell analysis.
Simple devices with microelectrode arrays were developed toward real-time bioimag-
ing [Kasai et al., 2005]. However, it is difficult to fabricate a large number of
electrodes with corresponding bond pads on a small chip due to its space. In
contrast, huge number of microelectrodes can be integrated in CMOS-based plat-
forms [Ghindilis et al., 2007]. In CMOS-based platforms with densely-packed
sensors, an operational amplifier circuit is incorporated outside of unit cells. In
contrast, an operational amplifier was placed in each unit cell in the present Bio-
LSI to reduce the noise picked-up within the wire before signal amplification.
Therefore, the Bio-LSI system can be applied for sensitive bioassay. To the best
of our knowledge, this is the first report for real monitoring over 3 h by using an
amperometric device with multiple detection points (400 and over points) for cell
analysis.
5.5 Conclusion
In conclusion, the ALP activity of EBs was successfully evaluated using the Bio-
LSI chip. The ALP activity was correlated with differentiation level, beating
activity of cardiac cells and ATP content. The electrochemical measurement
with the chip enables a long-term, real time monitoring of ALP activity of EBs.
Since the ALP activity is closely related with the differential level of the cells in
EBs, the differential level can also be monitored with the chip. This is the first
report on application of the LSI-based electrochemical system for cell analysis.
The chip is a future promising tool for a number of fields including environmental
measurements, drug discovery, medical diagnostics and other related areas.
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Cell Pairing Using Dielectrophoresis-Based Device
with Interdigitated Array Electrodes (DEPIDA)
6.1 Introduction
Several kinds of cell culture arrays have been reported using microfluidics [Skelley
et al., 2009], microwells [Fukuda et al., 2006, Sen et al., 2012] and magnetic force
[Ino et al., 2008]. In cell culture arrays, cell pairing can be fabricated in single-
cell level [Skelley et al., 2009]. Cell pairing has a great importance in a variety
of fields such as electrofusion, co-culture for tissue engineering and immunology.
To analyze the intercommunication between the cells, single-cell pairing devices
might be good tools, since they simplify the complexity of intracellular communi-
cation by enabling maintaining and tracking of single cell pair interactions [Hong
et al., 2012]. Skelley et al. reported a microfluidic device containing a dense
array of weir-based passive hydrodynamic cell traps [Skelley et al., 2009]. Using
the new geometry and a 3-step loading protocol, thousands of cells at once were
immobilized and paired. They demonstrated the utility of their device for pairing
different cell types. In the present study, we fabricated a DEPIDA chip device
having 900 gourd-shaped microwells for preparing cell pairing in single-cell level
(Figure 6.1(A)). The scheme for preparing cell pairing is shown in Figure 6.1(B).
Briefly, cells (type A) were attracted to one comb-type electrode of the IDA
by connecting one comb-type electrode of the IDA electrodes and the indium-
tin-oxide (ITO) electrode with a waveform generator (waveform generator 7075,
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Hioki E.E. Co., Japan) controlled by a LabVIEW written program to induce
pDEP in flow. Another comb-type electrode of the IDA electrodes was then con-
nected with the waveform generator to attract cells (type B) to another side of
the gourd-shaped microwells by pDEP, and the cell pairing in single-cell level
was completed. The two facing electrodes (IDA and ITO electrodes) were always
supplied with two AC signals of opposite phase (Figure 6.1(B)).
(A) 
(B) 




Cell (type A) 





Figure 6.1: DEP-based chip device with the IDA electrode for cell capture and pair-
ing. (A) Device image. The device contained the gourd-shaped microwells on the IDA
electrodes. (B) Scheme for cell capture and pairing.
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6.2 Materials and methods
6.2.1 Materials
Strain 129/SvEv, passage 11 was purchased from DS Pharma Biomedical Co.,
Ltd. (Japan) and 3T3 (fibroblast) cells were obtained from Hori lab (Tohoku Uni-
versity, Biomedical Engineering Organization (TUBERO)). Penicillin/streptomycin
(Gibco), PBS(-) (Wako Pure Chemical Industries, Japan,) FBS (Gibco), hypoos-
molar buffer (Sigma-Aldrich, St. Louis, MO) (6-8 × 105 cells/ml), SU-8 (Mi-
crochem, USA), SU-8 developer (Microchem), Positive g-line photoresist (i.e.,
S1818) and developer ( i.e., MF CD-26) (Shipley Far East Ltd., Japan), Cell
Tracker Green CMFDA (Invitrogen, CA, USA) and orange using Cell Tracker
Orange CMRA (Invitrogen). ITO glass slides were provided by Sanyo Vacuum
Industries Co., Ltd. (Japan).
6.2.2 Cell culture
ES cells were cultured as described in Chapter 5. 3T3 (fibroblast) cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA) containing
10% FBS and 50 µg/mL penicillin/streptomycin at 37 0C under a 5% CO2 hu-
midified atmosphere. The 3T3 cells were detached using trypsin/EDTA solution
after 2-3 min incubation at 37 0C . For DEP, after cell detachments of both cell
type (ES and 3T3) the cell were washed twice and the new cell suspensions were
reconstituted using hypoosmolar buffer (Sigma-Aldrich, St. Louis, MO) (6-8 ×
105 cells/ml) following the centrifuge of initial cell suspension, respectively.
6.2.3 Chip fabrication
The IDA electrodes were designed using Vector Works 2011 (AA) and imple-
mented on a 2.5 inch Chromium mask (Ulcoat Coating Corp., Japan) using a
laser lithography tool (Heidelberg Instruments Mikrotechnik, Germany). Using
the mask, the desired patterns were fabricated using a conventional contact lithog-
raphy. Briefly, Ti/Pt was sputtered on a glass substrate (Matsunami Glass Ind.
Ltd, Japan) to fabricate IDA electrodes (60 fingers) (Figures 6.2(A and B)). The
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width of the electrodes and the gap between these electrodes are shown in Figure
6.2(C). A SU-8 layer was fabricated to form gourd-shaped microwells having a
micro-orifice at the center (Figure 6.2(C)). The diameter of the microwells and
the micro-orifice length were 25 and 10 µm, respectively. The detailed process
for patterning with positive and negative photoresists is given in Chapter 2. The
depth of the microwells was 25 µm to trap single cells. Cells might be damaged
on the electrodes during pDEP because the electric field was very strong on the
electrodes. Therefore, stoppers were fabricated in the microwells to avoid a direct
cell-electrode surface contact (Figures 6.1 and 6.2(C)).
6.2.4 DEP manipulation
The DEPIDA was treated with O2 plasma for 1 min to introduce easily solu-
tions into the microwells, and the ITO substrate was mounted face-to-face with
polyester films (thickness: 50 µm) to assemble the device. The interspace be-











Figure 6.2: Optical images of the overall shape of the device (A), the IDA electrode (B)
and the gourd-shaped microwells (C). The device has 900 the gourd-shaped microwells.
In the present study, 3T3 cells and mouse embryonic stem (ES) cells were used
for cell paring. These cells were cultured as described above. The 3T3 cells and
the ES cells were stained with Cell Tracker Orange CMTMR and Cell Tracker
Green CMFDA for fluorescent analysis, respectively. The 3T3 cells or the ES
cells were suspended into a hypoosmolar buffer (Sigma-Aldrich, St. Louis, MO)
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(6-8 105 cells/ml). These cell suspensions were introduced from one side of the
chip. First, the 3T3 cells were trapped into one comb-type electrode of the IDA
by applying a sinusoidal AC signal (1 MHz, 4 Vp) (Figure 6.1(B)). The voltage
application continues for 30-50 sec to ensure the firm trap of 3T3 cells into the
one side of the gourd-shaped microwells. The excessive 3T3 cells were flushed by
introducing a fresh buffer into the channel (60-90 sec). The ES cells were then
trapped into another side of the microwells by applying a sinusoidal AC signal (1
MHz, 4 Vp) (Figure 6.1(B)), followed by flushing excessive ES cells to complete
cell pairing. The formation of the cell paring was observed under a fluorescence
microscopy (IX71, Olympus, Japan). The orifices in the gourd-shaped microwells
prevented the 3T3 cells trapped beforehand from moving to another side of the
gourd-shaped microwell. After completing cell pairing using pDEP as stated
above, a sinusoidal AC signal (10 kHz, 6 Vp) was applied between the IDA
electrodes and ITO with opposite phase to induce nDEP and to manipulate the
cells by pushing them toward each other to accomplish cell-cell contact (30-60
sec).
6.3 Results and Discussion
Cell pairing was successfully completed in the microwells (Figure 6.3(A)). Since
the size of the microwells was suitable for trapping single cells, the microwells
contained 0 (10%), or 1 (74%) cells after pDEP (Figure 6.3(B)). The single cell-
trapping was found over the microwell-arranged area of the IDA device without
inhomogeneity of trapping patterns. In some cases, more than one cell was
captured inside a single microwell due to diversity in cell size causing undesired
pairing, which is marked as other in Figure 6.3(B). When trapped single cells
were considered, the accuracy rate for trapping the 3T3 cells or the ES cells
into the correct microwells were 80 and 79%, respectively (Figure 6.3(B)). We
calculated the theoretical entrapment of cells into microwells. In case of red vs.
green cell pairing, which was the intended order, the experimental value (44%)
deviated from the theoretical value (19%) in a significant manner. These results
show that the method using DEPIDA is useful for cell pairing at single-cell level.
The DEPIDA was also used for cell-cell contact at single-cell level. During the
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Figure 6.3: Cell pairing using DEP-based chip device with the IDA electrode. (A)
Fluorescence images of cell paring (AI ; overall, AII ; magnified image). The 3T3 cells
(red) and the ES cells (green) were trapped into the left and right of the gourd-shaped
microwells, respectively. (B) Histogram of individual cell pairing. Pairing of more than
2 cells is defined as other in the figure.
nDEP, the cells were pushed toward each other, and cell-cell contact at single cell
level was achieved (Figure 6.4). Intracellular communication for the orchestrated
behavior of mammalian cells and tissues is achieved through signaling over a
range of distances. The most direct intracellular communication mode is physical
contact between neighboring cells which leads coordination and controlling of
a variety of biological processes including cell proliferation, differentiation and
immunologic response [Nelson and Chen, 2002, Wang et al., 2006b]. The device
presented here might be a good tool in providing a spatial control to facilitate
single cell-cell contact.
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Figure 6.4: Cell manipulation using nDEP. (A) nDEP for cell-cell contact at the orifice
region following the cell pairing. (B) Optical images of the cells after nDEP.
6.4 Conclusion
The DEPIDA was fabricated for cell pairing at single-cell level. In the method,
cells were manipulated using pDEP on the DEPIDA to prepare cell pairing. It
provides an efficient way to manipulate the cells into predefined locations to form
a large number of cell pairs with different cell types. Furthermore, we achieved
single-cell-cell direct contact using nDEP after a successful cell pairing. Based on
the results obtained, it could be said that the device has a potential for practical
use for both electrofusion and investigation of cell-cell contact for the purpose of
co-culture of different cell types.
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Summary and General Conclusion
Electrochemical analysis has been used to determine various electroactive species
to characterize bio-samples, including single cells, since a very long time and
still many systems are being developed for the same purpose. Recently, new
fabrication technologies are introduced to develop submicrometer sized electrodes,
which eventually helped further widen the potential of microelectrodes in bio-
sample analysis. In this dissertation, new electrochemical based systems and
their usefulness for bioanalysis are introduced. Briefly, throughout the complete
research, new approaches for device fabrication and bio-detection are introduced
to obtain new tools with advanced features including high-throughput, rapidity,
easy to use option and signal amplification for high sensitivity. The proposed
systems enabled us to obtain some impressive results which are summarized as
follows;
7.1 Chapter 1
The background of this research along with the fundamentals of electrochecmical
detection and DEP was described. A brief information about the fabrication of
microarrays and their applications in a variety of fields were also given in this
chapter. Finally, the purpose of the dissertation was emphasized.
81
Summary and General Conclusion
7.2 Chapter 2
In this chapter, some fabrication techniques used throughout the dissertation were
described in detail. In later chapters, the described techniques were mentioned
briefly and referred to this chaper for detailed description.
7.3 Chapter 3
In this part of the dissertation, the protein secretion of single transformed HeLa
cells were detected electrochemically using SECM. Simply, the cells were trans-
fected with the plasmid pSEAP2 to enable cells secreting SEAP in a constant
manner. Microengraving method was adopted to separate the secreted protein
from the cells in two steps; 1) capturing the cells inside a microwell which is then
covered by a substrate whose surface was modified with antibodies for the target
of interest and 2) disintegration of the surface modified substrate for electro-
chemical measurement after 4 h of incubation. The system enabled non-invasive
measurement of secreted proteins since the proteins were detected separate from
the cells, which also eliminated the disturbance effect of the endogenous ALP in
measurement. Non-invasive measurement is crucial if further analysis of cells is
intended.
7.4 Chapter 4
In this chapter, a new approach was adopted to fabricate a microchip with large
number of detection point for high-throughput analysis. The microchip also
made it possible to amplify the signal for high sensitive measurement. Here,
the electrochemical detection strategy presented in Chapter 1 was adopted for
high-throughput analysis. The only difference was to modify the bottom surface
of each sensor point with the antibodies for the target of interest instead of using
a surface modified substrate for protein separation. The proposed system appear
to have superiority over the previous system in terms of temporal resolution, high
throughput and sensitivity. The chip is expected to be useful for reporter gene
based gene expression analysis of single cells.
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7.5 Chapter 5
Here, we used an LSI based amperometric sensor, so called Bio-LSI, for the
evaluation of EBs of different size. When ES cells are cultured under proper non-
adhesive conditions, they tend to form EBs. EB size is known to be influencial
on differentiation of EBs; therefore, the size effect was analyzed by means of
electrochemical detection of ALP. ALP is known to be an undifferentiation marker
for ES cells and the activity tends to decrease as differentiation proceeds. Bio-
LSI enabled fast and easy simultaneous multiple EB analysis. The effect of
EB size on differentiation was demonstated electrochemically. Based on the
obtained results, it could be said that under the defined conditions, large EBs
had a better differentiation potential. ATP content analysis further confirmed
this phenomenon. In addition, 3h of electrochemical continuous monitoring was
performed to see the EB behaviour in glucose (+) and glucose (-) conditions,
respectively. Results indicated that the signal coming from EBs in glucose (-)
condition tends to decrease after 2h of measurement, which might be because of
initial sign of apoptosis. The initial morphological sign of apoptosis is convolution
of cell membrane which affects the ALP profile on cell membrane. The chip is
expected to be usefull in analysis of 3D tissues or tissue like structures.
7.6 Chapter 6
DEP is a frequently used strategy for sorting cells in an efficient manner. Here,
DEP was used to sort cells of different types in a close range in large numbers.
For the single cell-cell sorting, a chip, so called DEPIDA, with gourd shaped
microwells was fabricated. The shape of the microwells enabled cells to be sorted
in an effective manner by circumventing the transfer of captured cells to next
microwell as well as the direct contact between the cells and the electrodes that
might have a negative effect on cell viability. Basically, the cells were loaded into
microwells step by step and the strategy led to a high accuracy in close range
single cell-cell sorting. The chip could be useful to study the cell behaviour in
case of direct contact of different cell types, which is significant for immunological
response. It also has a potential for cell fusion.
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